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INTRODUGTION 
Knowledge of the Intermediary metabolism and breakdown 
of carbohydrates other than by means of the conventional 
IMbden-Meyerhof scheme is rapidly increasing as evidenced 
by the growing ntimbers of publications in this field. Such 
alternate metabolic pathways have only recently received 
serious attention from bacteriologists and biochemists alike. 
Newer analytical techniques not available as recently as l5 
years ago have made possible some of these advances. In 
particular should be mentioned the use of ion exchange and 
paper chromatography, the use of radioactive Isotopes such 
as carbon li}. and the use of spectrophotometry. 
Bacteria, because of the ease with which they may be 
grown, offer particular promise for the study of these newer 
metabolic pathways, 
Hhe research problems in this field involve mainly a 
study of the breakdown of hexoses by an oxidative mechanism 
either with or without the involvement of phosphate. The 
esteriflcatlon of inorganic phosphate is a prerequisite to 
the formation of energy-rich bonds necessary for the main­
tenance of cellular metabolism. Certain steps have been 
shown to take place in the absence of phosphate but whether 
or not these steps can be considered as essential In the 
metabolic process still remains a moot question. 
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Hie present work la a contribution to the iinderstanding 
of the oxidative breakdown of hexoses, in particular glucose. 
Variations in the method of degradation of hexoses by differ­
ent tissues have become apparent in the literature and these 
are still not clearly understood. It is hoped that the ex­
periments described here will contribute to the understanding 
of the intermediate compounds involved in the metabolism of 
glucose by certain bacteria. 
HISTORICAL 
•Jbe aerobic breakdown of carbohydrates by microorganisms 
has generally been assmed to follow the well-known Embden-
Meyerhof pathway to the pyruvate stage with further action 
involving a direct degradation, or a cyclic system such as 
the Krebs' cycle. In either case the final products are 
carbon dioxide and water. The assumption that the initial 
breakdown proceeds by way of an anaerobic mechanism in the 
case of the facultative organisms is in accord with our 
present knowledge. Nevertheless, in various studies on 
aerobic cellular metabolism, sufficient data have appeared 
to question the assumption that the normal anaerobic mechanism 
is the only means of initiating the breakdown of the carbo­
hydrate molec^lle, 
Miller (1926) found an enzyme In Aspergillus nlger which 
would convert glucose to gluconic acid and Harrison (1931) 
located a similar enzyme in animal liver. Previously other 
workers had reported the formation of 2 and 5-ketogluconic 
acids from glucose with various bacterial cultures, Boutroux 
(1886) reported the formation of 5-ketogluconate from glucose 
by species of acetic acid bacteria grown in the presence of 
calcium carbonate. Bemhauer and Gorlich (1935) Isolated 
small quantities of 2-ketogluconic acid from cultures of 
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Bacterlum Klueonlcum grown in solutions of calcitun gluconate, 
although 5-i£6togluconic acid was the main oxidation product. 
In a series of experiments, Warburg and CSaristlan (1936, 
1937)* Lipmann (1936), and Dickens (1936) demonstrated the 
existence of a direct oxidative pathway, distinct from the 
glycolytic route, for the partial oxidation of gluco8e-6-. 
phosphate in yeast extracts. 
Warburg and Christian (1936, 1937) found an enzyme in 
yeast Juice which would dehydrogenate glucose-6-phosphate 
yielding 6-phosphogluconlc acid* They showed that trlphos-
phopyrldlne nucleotide and a flavo-proteln were necessai^ for 
the transfomatlon. 
Lipmann (1936) studied the oxidation of phosphogluconic 
acid by a yeast macerate and postulated an oxidation of this 
compoimd to ol -ketogluconic acid (2-ketogluoonlc acid) followed 
by a decarboxylation which would yield arablnose phosphate. 
He had no evidence for the predicted pentose phosphate, 
Dickens (1936, 1938) in an extensive investigation of 
the oxidation of phosphogluconate by acid-precipitated enzymes 
prepa3?ed from yeast juice found that in the presence of Co­
enzyme II the oxidation proceeds until 1/2 mole of 0^ is 
consumed per mole of phosphohexonate. At this oxidation 
level, a mixture of phosphohexonlc acid and phosphopentolc 
acids was isolated as the barium salts, When the oxidation 
5-
was allowed to proceed imtll the 0^ uptake and CO^ output 
were each about 1 mole per mole of substrate, Dickens Isolated 
a If-C phosphorylated monocarboxyllc dlhydroxy acid which he 
believed to be phosphoerythronlc acid. He found, however, 
that the eaqjected pentose phosphate derived by a simple 
oxidative decarboxylation of phosphogluconate, namely arabln-
ose phosphate, was only oxidized to a small extent. With 
the same yeast Juice, both the synthetic and natural rlbose 
phosphate were oxidized to tin extent which would be con­
sistent with the hypothesis that rlbose-5-phosphate Is an 
intermediate in the oxidative degradation of phosphohexonate. 
A Walden inversion was suggested to account for the appear­
ance of rlbose-5-phosphate Instead of the arabinose-5-
phosphate. 
Glucose-6-phosphate 6-Phosphogluconlc acid 
6-Phospho-2-ketogluconic acid • » Rlbose-5-phosphate 
(Walden Inversion) 
Workman, Stone and Wood (1937) obtained evidence with 
Proplonlbacterium pentosaceum that perhaps another metabolic 
pathway was Involved in glucose degradation. This organism 
wo\ild grow In the presence of 0,02M sodltim fluoride to yield 
the nomal products found In the absence of fluoride, al­
though the dissimilation of phosphoglyceric acid and oc-glycero­
phosphate was almost completely blocked in the presence of 
thla inhibitor. These authors stated at that time that 
"there may be a mechanism effective in the dissimilation 
of glucose not involved in the Ekabden-Meyerhof scheme," 
Ltindsgaard (1930) showed that proper concentrations 
of iodoacetic acid (which wotild inhibit anaerobic glycolysis) 
would Inhibit laetic acid formation by frog muscles with­
out markedly interfering with Og consiMiption. Hte suggested 
that oxidation might be independent of the products of 
anaerobic breakdown, 
•These studies were extended by Barker, Shorr and Malam 
(1939) *fho found that mammalian brain and smooth, skeletal 
and cardiac muscle could oxidize carbohydrate as readily in 
the presence of sufficient iodoacetic acid to inhibit gly­
colysis 90-100 P®r cent as in its absence. They ascertained 
that these results were not due either to poor aerobic pene­
tration of the iodoacetic acid or of ammonia production from 
protein. This evidence was considered counter to any theory 
of carbohydrate oxidation which assumes formation of lactic 
acid as a necessary intermediary and supports the concept of 
functional independence of aerobic and anaerobic mechanisms. 
In a study of oxidation by microorganisms which do not 
ferment glucose, Barron and Priedemann (19ijJ-) showed that 
glucose can be oxidized before previous fermentation, thus 
distinguishing the fermentation process from the oxidation 
process. The strain of Pseudomonas aeruginosa which they 
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used failed to liberate any COg from bicarbonate buffer 
anaerobically with glucose as a substrate, but gave almost 
a theoretical uptake of O2 under aerobic conditions, TSiis 
oxidation was not inhibited by 0,02M sodium fluoride, further 
showing a difference in the metabolism of this organism from 
those organisms possessing an Embden-Meyerhof scheme, 
Lockwood, Tabenkin and Ward (19i^) and Stubbs et al« 
(19i|-0) outlined possible methods for the production of glu­
conic and 2- and 5-ketogluconic acids from glucose by the 
use of submerged, aerated cultures of Pseudomonas, Phyto-
monas and Acetobacter, Although this work has been criti­
cized (Campbell ejb 19^9) on basis of the high sugar 
concentration, vigorous aeration and pressure used, which 
may not reveal a true pathway of carbohydrate metabolism, 
nevertheless, these three acids have been produced In very 
high yields from glucose solutions. 
The attack on the glucose molecule in an oxidative 
manner may be divided, for comparative purposes, into a 
non-phosphorylatlve oxidation and a phosphorylative oxida­
tion, Some of the earlier work has made no clear-cut 
definition between the two, 
Non-phosphorylatlve Dissimilation of Carbohydrates 
Whether or not a non-phosphorylative oxidation is an 
old or a new process in the evolutionary scale is a debatable 
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problem. However, Barron (19?2) has had this to say re­
garding the question. 
In the evolutionary process of carbohy­
drate metabolism It Is reasonable to postulate 
that the first enzymatic reactions were those 
of direct oxidation-reductions. Hie Introduc­
tion of phosphomxs Into the molecule increased 
the efficiency of metabolism and must have been 
a later process. Probably a still later pro­
cess was the introduction of the obligatory 
anaerobic phase of fermentation. Although most 
living organisms possess the mechanisms for the 
utili?;ation of carbohydrates as developed in 
the fermentative and oxidative phases, there 
are cells which have been unable to acquire the 
fermentation enzymes and the phosphorylation 
enzymes. 
The oxidation of carbohydrates, whatever the pathway, 
is generally considered to require the previous hydrolysis 
of the carbohydrate into vinlts. 
Oxidation of the aldehyde group of aldo sugars gives 
the corresponding acids: e.g. glucose -gluconic acid, 
mannose —»- mannonlc acid, rlbose rlbonic acid. Oxida­
tion of the primary alcohol group gives the uronic acids; 
e.g. glucose ^glucuronic acid. Oxidation of both the 
aldehyde and primary alcohol carbons to carboxylic groups 
gives compounds such as saccharic acid and muclc acid, 
Gluconic acid has been formed from glucose by an 
enzyme found in Aspergillus nlger by Miiller (1926). He 
named the enzyme responsible glucose oxidase. Years later, 
in the wartime search for antibiotics, one such compound 
was located in broths from Penicillium notatum growth and 
was shown to be identical with glucose oxidase (Coulthard 
et al» 19l|.2). Notatln, as it was called, converted glucose 
to gluconic acid and hydrogen peroxidej the peroxide account­
ing for the powerful antibiotic activity of this enzyme# 
Glucose oxidase has been purified by Kellin and Hartree 
(19li.8) and shown to be a flavoproteln in which the alloxa-
zine adenine dlnucleotide prosthetic group is tightly bound 
to the protein. 
The glucose oxidase discovered in liver by Harrison 
(1931) has been shown by Das (193^>) to have as its prosthetic 
group either DPS or TPN» 
Oxidation of glucose to gluconic acid and 2-ketoglu-
conlc acid has been demonstrated in a number of bacteria 
belonging to the genera Pseudomonaa» Fhytomonas and Aceto-
bacter (Lockwood et 19lp.)» Presiuaably the conversion 
does not Involve phosphate esters for the compounds can be 
Isolated In high yields. 
As early as 1911» Alsberg had demonstrated gluconic 
acid in the supernatant of a culture of Bacterium savastanol 
anith which had been growing for several months on a glucose-
peptone meditjm, 13ie gluconic acid formed was isolated as 
the calcium salt, Butlin (1936) showed that Bacteritim sub-
oxydans (Acetobacter suboxydans) performed different types 
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of fermentations when grown on maize wort agar depending 
t 
upon the addition to the medium of 2 per cent chalk. Sus­
pensions derived from the medium without chalk were able to 
oxidize glucose to gluconic acid only, with no whereas 
suspensions from cultures grown on the medium containing 
chalk gave a larger and more rapid Og uptake with glucose 
as well as a considerable evolution of GOg* He concluded 
that glucose is first converted to gluconic acid which can 
be oxidized by cells grown in the presence of chalk through 
a ketogluconic acid inteiTOedlate (probably 5-ketogluconic 
acid). No synthesis of hexosephosphates by suspensions, 
air-dried or acetone preparations of either type of cell 
could be detected, 
Needham and Nowinski (1937) stated that chick embryos 
would metabolize glucose but not the phosphorylated hexoses, 
•Riey maintained, though, that it was not likely that the 
breakdown of glucose proceeded according to a scheme similar 
to that of Qabden and Meyerhof only without the phosphate 
groups. Gluconic acid, glycerol, glyceric acid and pyruvic 
acid did not apnear to be intermediates in the non-
phospho3?ylative scheme, 
Reiner, Smythe and Pedlow (193^) discovered no evidence 
that phosphorylation was Involved In the glucose metabolism 
of two species of Trypanosomes, Prom glucose, TrsTjanosoma 
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equipei'dum formed two 3-carbon compounds, glycerol and 
pyruvic acid anaeroblcally, whereas aeroblcally the glycerol 
was further oxidized to pyruvic acid which accuinulated, 
Trypanosoma lewlsl formed a 2- and a i4.-carbon compound from 
glucose, succinic acid, and glycerol anaeroblcally} and 
aeroblcally, succinic, acetic, and formic acids, ethanol 
and COg* 
Barron (19^4-2) made the statement that Pseudomonas 
aeruginosa "oxidizes glucose directly without previous 
phosphorylation." Although he quotes no reference for this, 
he presumably Is referring to his work (Barron and Prlede-
mann, 1941) which he finds that this organism will metab­
olize glucose—although not fermenting It, 
This same author (1952) presented evidence for a direct 
oxidation of glucose by Oorynebacterlum creatlnovorans, an 
organism Isolated from soil. He asserted that the organism 
would oxidize glucose and fructose more rapidly than hexose 
monophosphate (glucose-b-phosphate), although he made no 
mention of a possible Impermeability of the phosphorylated 
sugar, 13:16 presence of Inorganic phosphate did not affect 
the rate of oxidation of the glucose, 
Norrls and Campbell (19^4-9) Isolated gluconic and 2-
ketogluconlc acids from supematants of growing cultures 
Pseudomonas aeruginosa during a Zk- hour period. Because 
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this organism has a strong mechanism for the oxidation of 
bo-tti of these compoionds, they concluded that these acids 
were being formed and removed at a continuous rate during 
the growth process. This meant that these compounds form 
part of the system through which most, if not all, of the 
glucose is oxidized. 
Later these same workers (Campbell and Norris, 1950) 
deduced evidence for the absence of an lanbden-Meyerhof system 
in this organism by studying the phosphorus distribution. 
Hiey found that neither the fermentation liquor nor the cells 
of this organism contained any of the hexose members of the 
Stabden-Meyerhof scheme. The hydrolysis curves of the phos-
phorylated intermediates indicated the presence of a group 
of con5)ounds much more resistant to acid hydrolysis than 
any of the compounds of the above scheme. This, they asserted, 
serves to re-emphasize the major role this new pathway must 
play in the metabolism of Pseudomonas aeruginosa. However, 
although the initial step of glucose oxidation by this 
organiffln seems to involve non-phosphorylated intermediates, 
these authors do believe idaat phosphorylated intermediates 
are formed during the later stages of oxidation. 
Another form of oxidation of carbohydrates not involv­
ing phosphorylated intermediates has been reported by Lock-
wood and Nelson (19ij-6). They found that various members of 
•13 
the genus Pseudotaonas will convert the pentoses D-arabinose, 
D-xylose, and D-rlbose to the corresponding pentonic acids 
D^arabonlc acid, D-xylonic acid, and D-ribonlc acid respec­
tively. This is in agreement with some much earlier work of 
Bertrand (1898a, 1898b) who demonstrated the production of 
xylonlc acid from xylose and arabonic acid from arablnose 
by the sorbose bacterium (Acetobacter 
Sebek and Randies (1952) found that mannitol and sorbitol 
are normally oxidized by different adaptive enzymes of 
Pseudomonas fluorescens to fructose, ®ie further oxidation 
of this compound probably proceeds through glucose, gluconic 
acid, and 2-ketogluconic acid. These workers obtained no 
evidence for the formation or participation of phosphorylated 
derivatives of any of these compounds. 
Barker and Lipmann (1950) reported a similar finding 
with Propionibacterium pentosaceum in that mannitol and 
sorbitol are readily fermented without phosphorylation al­
though the sugar to which they are converted is phosphoryl­
ated and oxidized with the generation of an energy-rich bond. 
A different non-phosphorylated oxidation in Acetobacter 
suboxydans has been reported by King and Cheldelin (1952). 
They noted that repeated washing and centrlfugation of this 
organism at room temperature destroyed moat of its oxidative 
activity toward glycerol and virtually all toward dihyroxy-
acetone. Pull activity could be restored by inorganic 
phosphate and DPN, but these agents were not required In 
the oxidation of glycerol to dihydroxyacetone or of ethanol 
to acetic acid. They concluded that oxidative dissimila­
tion in A. suboxydana could be differentiated into phosphate-
dependent and phosphate-independent types, 
Phosphorylatlve Dissimilation of Carbohydrates 
Bae sequence of oxidative steps in glucose metabolism 
involving phosphorylated intermediates has become known In 
the literature as tdae hexosemonophosphate shunt or the 
Warburg-Llpmann-Dlcicens scheme in contrast to the classical 
anaerobic pathway bearing the well-known Embden-Bfeyerhof-
Pamas name. Tlie Initial contributions of Warburg, Lipmann, 
and Dickens to this scheme have already been outlined. 
In spite of the possible importance of this oxidative 
pathway and of the suggested formation of riboae-5-phosphate 
(Dickens, 1938)—a compound essential in the synthesis of 
nucleic acids and coenzymes—little of an Important nature 
was done until fairly recently. 
However, Engelhardt and Barkhash (1938) had postulated, 
that hexosemonophosphate represented the point where the 
fate of the hexose molecule is determined. If the molecule 
is subjected to fermentative metabolism, then hexosedi-
phosphate Is formed from the monophosphate esterj if the 
molecule is subjected to respiratory metabolism then 
-15-
phosphogluconic acid is foiroed, followed by a further step­
wise oxidative degradation. The enzyme hexoselsomerase would 
then play a prominent part in determlng the fermentation or 
oxidation of glucoae-6-phosphate, as its inhibition would 
impair the former process and favor oxidation, 
Mlchaells and Smythe (193^) liad support for Engelhardt»s 
statement of hexosemonophosphate being the detenninlng point 
of respiration or fermentation. These workers foxmd that 
certain dyes when added to a yeast Juice would decrease the 
anaerobic metabolism (fermentation) and Increase the aerobic 
metabolism (respiration) with glucose as a substrate. They 
classified various dyes Into three groups: a) those «diich 
bring about an oxygen consumption but do not inhibit fer­
mentation, b) those which inhibit aerobic fermentation by 
bringing about a destiniction of the enzymes, c) those which 
inhibit aerobic fermentation by the ability to suppress the 
formation of hexosediphosphate, 
Barron and Priedemann (19t|l) suggested also the phos-
phorylative oxidation in some bacteria which oxidized hexose-
phosphates, although unable to ferment sugars. 
The existence of a direct phosphorylative oxidation of 
carbohydrates has recently been brought to the forefront by 
a series of papers from various laboratories, 
Dickens and Glock (1950) found in animal tissues active 
-•l6» 
enzymes for the oxidation of glucose-6-pho3phate, 6-
phosphogluconate and rlbose-5-phosphate. Oxidation of 
these compounds was specific for coenzyme II, The system 
was not active on gluconic acid, 2-ketogluconic acid nor 
on ribose. The fact that neither the oxidation of glucose^ 
6-phosphate nor that of 6-phosphogluconate was inhibited 
by O.OIM sodium fluoride and that inorganic phosphate was 
not essential showed that the Smbden-Meyerhof glycolytic 
scheme was not involved, 
Cohen and Scott (19^0) demonstrated the formation of 
ribo8e-5-phosphate from 6-phosphogluconate by yeast ex­
tracts, TPN was a component of the system with phenazlne 
being added as a hydrogen carrier. However, 50 per cent of 
the Blal-reactlve phosphate did not have the characteristics 
of either ribose or arablnose-5-phosphate, 2-Ketogluconi0 
acid was identified chromatographically after hydrolysis of 
the esters isolated at intermediate stages of the reaction, 
Horecker and aaymlotis (19^0) obtained a purified 
enzyme from yeast which quantitatively converted 6-
phosphogluconate to pentose phosphate and GOg, The addition 
to this system of pyruvate and lactic dehydrogenase per­
mitted the use of a catalytic amount of TPN, 
6-Phosphogluconate + TPN ^ Pentose phosphate + TPNHg ^ CO2 
17-
Pyruvate + TPNH2 —^ Lactate + TPN 
On incubation for short periods of time the sugar formed 
was levorotatory; incubation for longer periods resulted 
in equilibrium mixtures containing about 75 per cent ribose-
5-phosphate, The levorotatory compotind was thus a precursor 
to riboae-5-phosphate and must have been converted to it by 
an enzyme which they called phosphopentoisoraerase. 
This levorotatory compound had the properties of a 
ketose and they tentatively proposed the compound to be 
ribulose«5~phosphate, This would account for the Walden 
inversion which occurs in the enzymatic degradation of 6-
phosphogluconate to ribose-5-phosphate. They proposed a 
mechanism for the oxidation of 6-phosphogluconate as follows: 
6-Phosphogluconate '—(3-Keto-6-phosphogluconate) — 
Ribulose-5-phosphate Rlbose-5-phosphate, 
Later these workers (Horecker, anyrnlotls and Seeg-
miller, 1951) confirmed the presence of the postulated 
ribulose-5-phosphate although they obtained no evidence for 
the foiraation of the 3-keto»acid intermediate. In contrast 
to the work of Cohen and Scott (1950) they found that 
arabinose-5-phosphate did not appear to be an intermediate. 
The stimulation of phosphogluconic dehydrogenase by 
Mg^^ was interpreted as being related to the Klg"^^ requirement 
-18* 
for the decarboxylation step (Horecker and Smymiotis, 1951)» 
although a separation of the oxidation step from the decar­
boxylation step has not yet been achieved. However, the 
oxidative decarboxylation of 6«phosphogluconic acid resembles 
the conversion of raalate to pyruvate (Ochoa et 19i^8) and 
may possibly be due to the action of a single enzyme, 
•nils oxidative decarboxylation of 6-phosphogluconate 
has been shown to be reversible with an enzyme from yeast 
(Horecker and &aymiotis, 1952). This was demonstrated by 
a) the fixation of in 6-phosphogluoonlc acid during 
the course of partial oxidative decarboxylation of this 
substance, b) the oxidation of reduced TPN by ribulose-5-
phosphate and 002# and c) the net synthesis of 6-phospho-
gluconic acid in the presence of glucose-6-phosphate dehydro­
genase. 
Glucose-6-phosphate + TPN + HgO —• 6-Phosphogluconate 
4. TPNH + H"^ 
Ribulose-5-pbosphate + COg 4 TPTJH + H —• S-Phosphogluconate 
» TPK 
Glucose-6-phosphate f Ribulose -^-phosphate ¥ CO2 + H2O —«-
2 6-Phosphogluconate 
A ftxrther study of the metabolism of pentose phosphate 
by Horecker and co-workers (1953) iias shown the following 
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sequence of reactions in spinach, liver, and yeast prepara­
tions, 
2 D-Ribulose-5-pho3phate —^ 2 D-Glyceraldehyde-^3-piioaphate 
+ L-Erythrulose 
L-Erythrulose + JD-Glyceraldehyde-3-phosphate — 
Sedoheptulose-7-phosphate 
Sedoheptulose-7-phoaphate + D-Glyceraldehyde-3»phoaphate 
—^ Fructose-6-phosphate + Tetrose phosphate 
Together with the oxidation of glucose~6-phosphate and 
6-phosphogluconic acid, these reactions form a cyclic mechan­
ism for the metabolism of glucose-6-phosphate. This would 
appear to be an extremely important sequence of reactions, 
for the oxidation of glucose-6-phosphate by this mechanism 
would not involve the Kfebs* tricarboxylic acid cycle, 
Glock (1952) has recently shown that with liver, a 
direct oxidative degradation is \inlikely to occur with ribose-
5-phosphate. Synttiesis of hexosemonophosphate, as shown 
previously by Waldvogel and Schlenk (19i}-7), with rabbit-
liver preparations, has been found to occur very rapidly 
and to such an extent as to exclude its formation solely 
from trioae phosphate derived from the breakdown of pentose 
phosphate, Glock (19^2) found evidence for a ketopentose-
phosphate in the conversion of riboae-^-phosphat# to 
"•20«" 
hexosomonophosphate. It is possible that a mechanism as 
outlined by Horecker et ad. (1953) could account for the 
hexoseraonophosphate formed from the pentose, 
Rlbulose and sedoheptulose phosphates have also recently 
been Identified In a varied group of photosynthetic organ­
isms {Benson ^  al% 1952), These phosphates are among the 
earliest sugar phosphates formed during photosynthesis, but 
whether they act in a cyclic manner as proposed by Horecker 
(19^3) Is not yet known, Benson et al.(19^2) suggest that 
they may serve as sources of C2 units required as COg accep­
tors during photosynthesis, 
Gllvarg {1952) has recently presented evidence that 
the hexoseraonophosphate shunt is not a major pathway of 
glucose metabolism in growing yeast. When yeast was grown 
on glucose-l«C^^, the specific activity of the respiratory 
GOg was at all times lower than that of glucose, "nils would 
not be expected had the first carbon been decarbos^lated la 
the conversion of 6-pho8phogluconlc acid to pentosephosphate. 
However, a similar experiment with Bschertchia coll 
(Cohen, 19^1) showed that colls grown on a sole carbon 
source of glucose-1-Q11|. liberated COg with a somewhat greater 
average specific activity than that of the glucose. This 
indicates that in this organism the metabolism of glucose 
may proceed In part by way of the hexoseraonophosphate shimt. 
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Roberts and Wolffe (1951) presented similar findings 
with Esoherlohla coll in a study with labelled sub­
strates* With fructos0-6-phosphate and inactive phos­
phate, it was possible to show that the phosphorus incor­
porated into the cell was largely derived from the labelled 
fructose# However, as fructose-6-phosphate contributed 
even more phosphate than glucose-6-phosphate, It appears 
that fruetose-6-.phosphate does not pass through gluco8e-6-
phosphate as an intermediate but Is oxidized directly by a 
similar process leading to pentose phosphates and nucleic 
acids. 
In plants, Axelrod and Bandtirskl (1952) have presented 
evidence for the operation of the Warburg-Llpmann-Dickens 
scheme for the oxidative metabolism of gluco8e-6»phosphate. 
However, with pea leaf lyophillsates, Tewfik and Sttimpf 
(1951) find that fructose diphosphate is not decomposed by 
the conventional glycolytic cycle but is oxidized through 
a series of yet unidentified reactions, "Haese reactions 
require as cofactors, flavln-adenlne dlnucleotide, ATP, and 
ascorbic acid. This system is not Inhibited by fluoride, 
cyanide, or iodoacetamide indicating enolase, ascorbic acid 
oxidase and trlose phosphate dehydrogenase are not Involved, 
Bamett i^.(1953) found a phosphogluconic acid 
dehydrogenase In various plants dependent upon TPK which 
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formed a pentose phosphate and GOg* A parsley leaf prepara­
tion also caused the disappearance of rlbose-^-phosphat® 
with an appearance of a 7-carbon ketose. 
In bacteria, evidence for a Warburg-Lipmann-Dlckens 
scheme has already been presented (Cohen and Scott, 19^0; 
GSohen, 1951J Roberts and Wolffe, 1951 )• 
However, there have been several reports from various 
laboratories of organisms possessing enzymes for carbo­
hydrate breakdown which differ again from the conventional 
pathways. 
Pseudomonas lindneri cell-free extracts have been shown 
to convert glucoae-6-phosphate to 2 molecules of ethanol and 
2 CO2 (Gibba and DeMoas, 1951). The two molecules of ethanol 
are derived by different pathways as outlined In their scheme 
belowj 
Gluco8e-6-phosphate 
Pentose phosphate + COg 
0, + C, 
i r 
Ethanol Pyruvate 
i 
Acetaldehyde + GOp 
I 
Ethanol 
They studied this reaction with glucose-l-C^^ and 
glucose-3t4" 
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Pseudomonas saccharophlla> studied by Entner and 
Duodoroff (1952), carries out a series of reactions which 
the authors picture as follows; 
ATP 1) Glucose 01ucose-6»phosphate 
2) Glucose-6-phosphate—— 6-Phosphogluconlc acid 
3) 6-Phosphogluconlc acid —• (?) —• Pyruvic 
f 3-Phosphoglyceraldehyde 
l\.) 3-Phosphoglyceraldehyde (Intact cells3-.pho8pho-
glycerlc acid 
i|A) 3-»Phosphoglycerlc acid -phosphate^ Trlose (glycerald, ?) 
enssyme prep. 
Ij-b) 3-Phosphoglycerlc acid -phosphatep-H^O Methyl 
Intact cellS;! lodoacetate 
glyoxal 
5) 3-Pho8phoglycerlc acid » Pyruvic acid 
6) 2 pyruvic Tiotaet cella)'' Z 00^ * k (OHgO) call material 
The net result is the liberation of one third of the 
molecule (glucose) as CO2 and the assimilation of two-thirds 
of the molecule. The appearance of methyl glyoxal in the 
presence of iodoacetate appears quite unique. 
With Pseudomonas fluorescens data are presented (Entner 
and Stanler, 19^1) to show that 2-ketogluconlc acid is not 
an essential member of the main pathway for glucose oxida­
tion, The initial rate of oxidation of glucose and gluconic 
—gij.— 
acid by glucose adapted cells is approximately ten times 
as rapid as the rate of oxidation of 2-ketogluconic acid. 
However, 2-ketogluconlc acid was isolated from supematants 
of glucose-grown cells tested on glucose and gluconic acid. 
These observations, they say, can be interpreted in two 
ways: 1) a derivative of 2-ketogluconic acid (e.g. phospho-
2-ketogluconic acid) is a member of the main pathway, or 
2) there are two divergent pathways for glucose dissimila­
tion, one proceeding via 2-ketogluconic acid, below which 
a partial block exists. 
However, working with this same organism, Koepsell 
et al, (1952) showed that gluconic and 2-ketogluconlc acids 
accumulated as intermediates and then oc-ketoglutaric acid 
finally accumulated in the medium. Based on the yields of 
ck -ketoglutaric acid foraed, these workers believed that 
the metabolism of 2-ketogluconlc acid involved a 3-3 split 
rather than a successive 1-carbon degradation to the trlose 
stage, 
De Ley and Cornut (1951) proved the existence of a 
system in an Aerobacter sp, which involved the reactions 
glucose—glucose-6-phosphate—r- 6-phosphogluconic acid-*-
6-phospho»2-ketogluconic acid —^ rlbose-5-phosphate, 
A new route of ethanol formation in the heterolactlc 
organism Leuconostoc mesenteroides has been reported by 
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DeMoss ofc (1951) and Gunsalus and Glbbs (1952). Growth 
e3q>erlments and fermentation balances indicated the fermenta­
tion of glucose to 1 mole each of lactic acid, ethanol and 
GOg# The enzymes aldolase and isomerase were not found. 
With glucose-1- as substrate, the label was fo\and in the 
GOg, whereas the fermentation of glucose»3»^-C^^ gave rise 
to carbinol-labelled ethanol and carboxyl-labelled lactic 
acid. 
Gary and Bard (1952) found that the type of glucose 
dissimilatory mechanism formed in Bacillus subtilise Marburg 
strain, during growth is a function of nutrition. Growth in 
a tryptone, yeast extract, glucose medium yielded cells 
capable of vigorous respiration and fermentation, whereas 
cells from inorganic nitrogen, salts, glucose medium possessed 
only respiratoiT' activity with practically no fermentative 
capacity. These latter cells were insensitive to fluoride 
during glucose oxidation, indicating a possible hexosemono-
phosphate pathway. A number of amino acids in the growth 
medium were found to be responsible for this shift in meta­
bolic activity, with glutamic acid alone accounting for li-O 
per cent of the transition from respiration to fermentation. 
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METHODS AND MTBRIALS 
Organisms 
The organisms employed In the following Investigations 
were Pseudomonas aeruginosa ATCC 9027 and Eseherlchla coll 
2B8 (Iowa State College laboratory culture). The cultures 
were carried on nutrient agar slants and stored in a 
refrigerator, 
Pseudomonas aerup;lnosa was grown in a medium of the 
following composition: 0,3 per cent 0.1 per cent 
MgSO^'THgO, 0,3 per cent KHgPOj^, 0,3 per cent glucose, $ 
parts per million of PeCl^ and made up to volume with dis­
tilled water. The phosphate and the glucose were dissolved 
in separate portions, neutralized, and sterilized, then 
added aseptlcally to the other portion of the medium Immedi­
ately prior to inoculation. The medium was adjusted to pH 
7,2, 
Two h\mdred ml, of medium were initially inoculated with 
Pseudomonas aeruginosa and incubated for 12 hours at 37°C, 
This was then added to three liters of medium in a six liter 
Florence flask which was incubated at 37°C. for 12 to l6 
hours. The medium was aerated by means of compressed air 
passing through a sterilized sintered glass rod extending 
into the flask. Some earlier studies with Pseudomonas 
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aeruglnosa were made from growth In the same mediiim In 100 ml. 
quantities In Roux flasks. However, no difference was foimd 
in the enzymes under study so the more convenient Florence 
flasks were used extensively, 
Escherichia coll was grown In the same medium as used 
for Pseudomonas aeruginosa and also on a medium of the 
following composition: 1.5 per cent peptonized milk, 0,75 
per cent K2HP0|^*3H20 and ten per cent tap water made to 
voltime with distilled water. The phosphate was dissolved 
and sterilized separately. The inoculum was prepared in a 
manner similar to that of Pseudomonas aeruginosa and the 
cells grown for 12 hours at 37**C. under vigorous aeration, 
•Hie medium was adjusted to pH 7.2, 
The cells of both organisms were harvested in a Sharpies 
centrifuge. The resulting cell paste was washed twice with 
cold daminerallzed water and spun down after each washing in 
a high speed refrigerated centrifuge at 12,000 rpm for 10 
minutes. 
Bacterial Enzyme Preparations 
Untreated cells 
The cell paste obtained after washing was made up to a 
convenient volume prior to addition to the contents of the 
reaction vessel (usually 100 rag, of wet cells per ml. of 
demineralized water). Storage of the untreated cells for 
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more than one day was avoided* 
Cell-free extracts (.luiceo) 
Sonic treating. For the preparation of a cell-free 
extract, each gram of the wet cell paste was mixed with 2 
ml. of cold demineralized water. Approximately 20 to 25 
ml. of this suspension were treated for 1 hour In a Raytheon 
9-kc. sonic oscillator. During sonic treatment the cup 
contents were kept cool by circulating ice cold water through 
the apparatus. The cell debris was removed by centrifuga-
tion at 12,000 rpm for 1 hour in an Inteimational refriger­
ated centrifuge, model PR-1. The clear, pink supernatant 
was stored in a deep-freeze, if not used immediately. 
Alumina grinding. Grinding with Alumina A301 or A303 
(Aluminum Ore Company, East St, Louis, Illinois) was also 
used for the preparation of cell-free extracts (Mcllwain, 
191^.8). The wet cell paste was mixed with 2,5 to 3 times 
its weight of Altimina and ground by hand in a cold mortar 
for 5 minutes. The paste was then extracted with ice cold 
demineralized water, 2 ml. for every gram of cells used, by 
allowing the mixture to stand for 30 minutes in the cold, 
with occasional stirring. This was followed by centrifuga-
tion at 12,000 rpm for 1 hour, after which the clear super­
natant was frozen. 
Glass grinding. This was carried out in a fashion 
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sirallar to the Alumina grinding with a substitution of 
finely powdered glass for the polishing Alumina, 
Autolysing. Fresh cells were mixed with an equal 
weight of demineralized water and stored in the refrigerator 
for a period up to 30 days. The autolysate was obtained by 
centrifugation of the debris in a refrigerated centrifuge 
for 1 hour at 12,000 rpm. 
Fractionation with ammonium sulfate 
Fractionation of the cell-free extract was carried out 
with a saturated solution of this was prepared 
at 100®C« and allowed to cool in the refrigerator. When 
specific intermediate fractions were desired, the saturated 
(M|^)2S0j^ was added dropwise to the juice. The mixture was 
gently stirred in an ice bath until all the (Ni^)2S0j^ was 
added, centrlfuged in the cold and the precipitate dissolved 
in a small amount of water, 
!2hls dissolved precipitate was dialyzsd in a collodion 
bag against 10 to 12 liters of demineralized water at Ij.° to 
6°C, for 12 hours. 
To obtain Intermediate fractions, the addition of 
saturated (KH|^)2S0j^ was calcxilated from the formula; 
(ml, of juice) (actual saturation) + lOOx s 
(ml, + x) (desired saturation) 
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where x is the ral. of saturated (llH|^)2S0j^ required to in­
crease the actual saturation to the desired saturation. 
Analytical Procedures 
Manometric methods 
The Barcroft-Warburg apparatus was employed to measure 
metabolic gaseous exchange. All reactions were carried out 
at in the conventional l8 ml, flasks with two side 
arms. 
Anaerobic fermentations were carried out in an atmos­
phere of 7^ per cent Ng and 25 per cent GOg or with 100 per 
cent Ng# in certain cases. In aerobic experiments ION NaOH 
was placed in the center well to absorb metabolic COg. Car­
bon dioxide was liberated from the medium by the addition of 
ION HgSOj^ from one of the side arms. 
Spe c tropho tome ti*y 
Ultra-violet spectrophotometric measurements were made 
with the Beckman spectrophotometer. Model DTJ, The reactions 
were carried out in 3 ml, volumes in the quartz cuvettes at 
room temperature. The reactions were followed by measuring 
the optical density at appropriate wave lengths, at speci­
fied time intervals. 
Protein determination 
The protein content in the cell-free extracts was 
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quantitatively determined by the biuret method of Weiohsel-
baum (19it-6), To an appropriate amount of juice (usually 0,1 
to 0.2 ml»)» enough 0,85 par cent NaOl was added to make the 
volume 2.5 ail* Then 2.5 ml, of the Weichselbaum reagent was 
added. A control of 2.5 ml. 0.85 per cent NaCl and 2.5 ml. 
of the reagent was Included in the test. The color was 
allowed to develop for 30 minutes at 30°C., then read at 5i}.0 
on the Klett-Summer son colorimeter. A standard curve was 
prepared from a cell-free extract of Pseudomonas aeruginosa. 
the protein content of which was deteralned by digestion, 
distillation and titration of the anmonia with standard acid, 
The range in biuret protein determination was from 0.3 to 
1.14. mg. of nitrogen per sample. 
Reducing sugar detemination 
Reducing compounds (glucose and 2-ketogluconate) were 
determined according to Somogyi (19^5)• The reactions mix­
tures were deprotelnlzed with equivalent amoxHits of ZnSO|^ 
and Ba{0H)2* The precipitate formed was removed by filtra­
tion. To 2 ml. of the Somogyi reagent, various allquots of 
the filtrate were added, the volume then being brought to 
if ml. with deminerallzed water. The tubes were held in a 
boiling water batti for 10 minutes, then cooled rapidly in 
cold water. One ml. of Nelson's color reagent (19it4) 
added, the volume made to 10 ml, and the color which 
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developed read at 520 mji on the Klett-Sunmerson colorimeter, 
A control, which contained no reducing compound, was set to 
0 on the scale as a blank reading. 
Paper chromatography 
Paper chromatography was carried out with the descend­
ing technique (Consden, Gordon and Martin, 19it4) the 
ascendli^ technique (Home and Pollard, 19^4-8} Williams and 
Klrby, 19i|.8). For separation of the radioactive compoxmds 
squares of Whateaan No. 1 paper were cut 7^ Inches by 7s-
inches. The sample was placed at a spot 1 inch each from 
the right hand edge and bottom of the paper. Where many 
sheets were to be spotted it was found convenient to hold 
the paper in a device as in Figure 1. Warm air from a hair 
drier was blown over toie spots to hasten drying and thus 
facilitate multiple spotting of the ohromatograms when 
necessary. The filter paper was then stapled in the form 
of a cylinder and placed in 100 ml. of the appropriate sol­
vent in a 1 gallon wide-mouth container (C31l8» Owens-
Illinois Glass Company, Toledo, Ohio), After development 
in the first solvent, the paper was dried, reformed into a 
cylinder witdti the opposite sides and re-run in the second 
solvent. 
Occasionally large sheets, lli. inches by l6 inches, were 
used to achieve better separation in a single pass with one 
Figure 1. 
Paper Holder for Spotting catiromatograms 
Sie dimension of the bottom boea^d is 10 
inches by 18 Inches and the length of 
each step approximately 3 inches. 
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solvent, These sheets were developed In glass cylinders 
18 Inches by 6 inches. 
Descending chromatography was done on sheets of paper 
Inches by 17 Inches with the origin being placed 2 3/4 
Inches from the top* The bottom of the sheet was serrated 
to allow for an even run-off of the solvent# !Ehe sheets 
wore suspended from glass troughs which In turn were held 
on steel supports in a glass Jar 10 inches by 18 Inches 
(Research Equipment Corp., Oakland, California)# 
The choice of solvent depended on the nature of the 
compounds to be separated. The solvents used are listed 
heihu# 
Phenol: 80 ml# of melted phenol was mixed with 20 ml# 
of distilled water# 
BABWt 1|X) ml# of n butyric acid and 1|JO ml# of n butanol 
were made up to 100 ml. with distilled water, !Ehis solvent 
must be freshly prepared for each determination. 
EMWs 1^.5 ml. of ethanol and wl, of methanol were 
mixed with 10 ml# of distilled water. The alcohols were 
purified before use by re fluxing for 1 hour in the presence 
of powdered zinc and KOH, then distilled. 
lAPWj 1|JO ml# of ethyl acetate and 20 ml# of pyridine 
were mixed with 1|.0 ml# of distilled water# 
Butanol-acetic acid; n aitanol was saturated with 3 
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per cent acetic acid, 
Butanol<-anBaonla: n Butanol waa saturated with 3 poJ? 
cent aaunonium hydroxide» 
Bitanol-ethanol: 50 ml. of n Butanol were mixed with 
1|jO ml. of distilled water and 10 ml. of ethanol. 
The various compoxmds were located on the paper with 
specific spraying reagents if uncolored, or by the color of 
the compotmds themselves if colored, TSie presence of radio­
active compounds was detected by radioautography, 
ISie specific spraying reagents used are listed below. 
Aniline phthalate was used to detect aldose sugars 
(Partridge, 19l|-9). To 100 ml. of water-saturated n Butanol 
were added 0,93 gias. of aniline and 1.66 gas. of £ phi^alic 
acid, Kiis reagent deteriorates after about a week, even 
when kept in a refrigerator. The paper was heated to 100®C. 
for 5 to 10 minutes after spraying, during which time the 
aldoses developed a brownish color and the pentoses a reddish 
color. 
Reducing compounds were located with the silver nitrate 
reagent of Trevelyan et (1950)• The chromatogram was 
passed rapidly through a solution made by diluting 0,1 ml, 
of saturated aqueous AgNO^ to 20 ml, with acetone and adding 
water dropwlse with shaking until the AgHO^ redlssolved. The 
paper was then dried, following which it was sprayed with 
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0,5n NaOH In aqueous ethanol made by diluting saturated 
aqueous NaOH with ethanol. At this point the reducing 
compounds appeared dark brown against a light brown back­
ground. The excess silver in the backgrotind was removed 
by immersing the paper for a few minutes in 6n NI^ OH, 
followed by a water rinse. 
!Ehe amino acids were Identified with a ninhydrin rea­
gent. One hundred rag. of ninhydrin were dissolved In 100 
ml, of water-saturated n butanol containing 1 per cent 
glacial acetic acid. This reagent remains stable for at 
least a month if stored in a stoppered bottle in a refriger­
ator. The sheets were sprayed lightly and then heated to 
75°C* in a foil-lined plywood box through which several 
turns of copper tubing were passed. Steam was lead through 
the coil, the end of the line being bled to the drain. 
Fifteen minutes at this temperature usually sufficed to 
develop the characteristic pui^le color of the amino acids. 
AmmoniuM molybdate was used for the detection of phos­
phate esters (Hanes and Isherwood, 19i}-9)» Five ml. of 60 
per cent perchloric acid were mixed with 10 ml. of IN HCL, 
25 ral# of I4. per cent ammonium molybdate ((NI^)^Mo^02[|^«lfH20) 
and made to 100 ml. with distilled water. This reagent is 
stable indefinitely. The procedure used was the modifica­
tion of Bandurski and Axelrod (1951). ®ie paper was sprayed 
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lightly and heated at 7^0, for 1 minute during which time 
th® inorganic phosphate appeared as a yellow spot» Then 
the paper was exposed at a distance of 10 cms. to an ultra­
violet "Sterilamp" for 10 minutes. The organic phosphate 
compounds appeared as deep blue spots against a pale blue 
background. 
A mixed indicator was used to locate the organic acids. 
This Indicator consisted of 0.5 gm. of methyl yellow (di» 
methylaminoazobenzene) and 1.5 gm. of brom phenol blue in 
200 mi. of 95 cent ethanol. The color was adjusted to 
green by the addition of dilute NaOH (pH 6*3)• "nae chromato-
grsan papers must be dried thoroughly before spraying with 
this indicator to remove any traces of acid which may be 
present in the developing solvent. 
Maps of known compounds were prepared by two-dimensional 
chromatography in phenol and BABW of appropriate allquota 
of the desired compounds. Two of these maps are represented 
in Figures 2 and 3. 
Radioautography 
When th® paper chromatography involved radioactive 
substances^ the compotonds were located by radioautography 
(Fink and Pink, 19i|j8). The activity of the sample placed 
at the origin was counted with a thin window Creiger-Jftill®^ 
tube. The chromatogram was then developed in the appropriate 
Figure 2 
Map of IDiown Sugars 
1, Ribose-5-pliosphate 
2. Glucose-6-.phospliat0 
3* Glucose-l-phospliat© 
Pructose-6-phosphate 
5, Haxosediphosphate 
6. Fructose 
?• Rlbose 
8. Glucose 
9* 2-Ketogluconic acid 
10• Gluconic acid 
11. Citric acid 
12. Malic acid 
13* oc-Ketoglutaric acid 
llj.. Pyruvic acid 
15. Rtmaric acid 
16. Succinic acid 
and Organic Acids 
17. Glycolic acid 
18. Dihydroxyacetone 
19. Tartaric acid 
20. Mannose 
21. Rhasmose hydrate 
22. Oxalic acid 
23. Aconitic acid 
24. Lactic acid 
25» Malonic acid 
Ascorbic acid 
27# OxalacQtic acid 
28. Tricarballylic acid 
29. Itaconic acid 
30. Glyceric acid 
31. Glutaric acid 
32. Isocitric acid 
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Plguro 3. 
Map of Known Amino Acids 
1, Serine 
2» i^droxyprolin® 
Glutamic acid 
Glycine 
$0 Alanine 
o. Aspartlc acid 
7. Proline 
8. C^ steine-HCa. (two apota) 
9. Grlut amine 
10« Arginln© 
11, 01trulline 
12. Valine 
13» Threonine 
1I4.. Lysine 
15# Leucine 
16• Tryptophan 
17• Phenylalanine 
18, Korleucln© 
19, Isoleuclne 
20, Hiatldine 
21. Ornithine 
22. Tyrosine 
23. Methionine 
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solvents, dried and placed In contact with a sheet of Kodak 
No-Sere©n Medical X-Ray film for a period of time which 
depended upon the activity Initially at the origin, A count 
at the origin of 6i|.00 counts per minute gave a satisfactory 
"picture" In 2 to ij. days, 
!!Ihe film and the chromatogram were held in close con­
tact In an X-ray exposui-a holder which was weighted down to 
ensure intimate contact, ©le chromatogram was spotted with 
radioactive ink to enable the chromatogram and the film to 
be superimposed after devolopment of the film. Ihe radio­
active ink was made by the addition of sufficient BaC^^O^ 
to India ink made alkaline with NH^OH so that one spot on 
paper, when held next to a QM tube, gave approximately 3OOO 
counts per minute. After a sufficient period of esjjosure 
the film was developed with Kodait Rapid X-Ray Developer for 
5 to 7 minutes at 20°C, This development was followed by 
a water rinse and then fixer (Kodak F-5} to clear the film, 
•Hie film was then washed in tap water for 30 minutes, rinsed 
with distilled water and dried, 
Blution of spots 
•She radioactive compounds located on the chromatograms 
through the exposure to the X-ray film were eluted from the 
paper and re-run on two-dimensional chromatograms to obtain 
a more acciirate picture of their movement apart from other 
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compounda which may Interfere with their migration. An 
outline of the radioactive area was traced on the filter 
paper and cut out. This excised paper was then cut into 
small piecea and placed in a small sintered glass filter 
which was inserted into a sidearm teat tube connected to a 
water aspirator. Approximately 5 ml, of demlneralized water 
— in small aliquots — was used to elute the material from 
the paper, TSie eluate was then evaporated under a stream 
of air to a small volume (approximately 0,1 ml,) and then 
applied to the origin of the filter paper chromatogram. 
Ion exchemge chromatography 
Suitable ion exchange resins were used to separate the 
compounds being studied into cationlc, anionic and neutral 
fractions. The columns were constructed as shown in Figure 
4» One column was used for each of the two Amberllte resins 
IR-120 and IR»4b» which are, respectively, cationlc and 
anionic exchangers. The resin was washed several times with 
distilled water, suspended in distilled water and poured 
into the tube. 
The cationlc column was converted to the hydrogen form 
by passing through a volume of ^ per cent HGl about equal 
to the voltuae of the bed. Washing with distilled water was 
continued until the eluate was no longer acidic to pH test 
paper. This required about 5 "bed volxanes" of water. 
Plgur® ii-. 
Ion Excheuige Colxjusns 
Each coltunn was 36 cm. in height, with an inside 
diameter of li|. mm. in the tubing containing the 
resin» 
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The anionic exchange resin was converted to the hydroxyl 
form by treatment with 1 per cent NaOH, followed by washing 
with water (about 10 **bed volumes") imtll the eluate was 
neutral to pH test paper. 
The two columns were arranged in tandem, with the cat-
ionic first, so that the amino acids will be retained, while 
the other acids will pass through to be ca\ight on the anionic 
exchange column. Hie solution of metabolites was passed 
through. 15ie columns were then washed by the successive 
additions of four allquots of water; the first two rinses 
each consisted of 25 ml., followed by a 50 ml. and a 100 
ml. rinse. The neutral eluate had a final volume of 200 ml. 
The carboxyllc acids were eluted with 25 ml. of ifM 
NI^OH followed by distilled water vmtil the eluate was no 
longer basic to pH test paper. This base was chosen because 
it will distill off during the following concentration step* 
Similarly the cationlc fraction was eluted with l\M and 
washed as above. 
The anionic, cationlc and neutral fractions required 
concentration before paper chromatography. This was done by 
vacuiam distillation with an apparatus as shown in Figure 5. 
Bie use of this apparatus enabled the solutions to be con­
centrated readily to a volume of approximately 0.5 ml. In 
many cases, owing to the need for rinsing the large flask. 
Plgiire 5. 
Vacuum Distillation Apparatus 
Hhe flasks containing the material to be 
distilled had small tips blown on them to 
facilitate concentration of the solutions 
to a small vcltuae. 
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tile final solution may hare a volume of 2 to If ml. This 
was further concentrated in small glass test tubes by plac­
ing them under a stream of air# 
Paper electrophoresis 
Paper electrophoresis of some of the radioactive com­
pounds obtained from the action of whole cells of Pseudoraonas 
aeruginosa on 2-ketogluconate was carried out to deter­
mine more specifically than by ion exchange methods whether 
or not they were anionic, cationic or neutral* Sheets of 
Whatman No« 1# 12 inches by ll^. Inches, were used, the com­
pounds being placed if inches apart along a line placed at 
the center of the long axis of the paper. A reference spot 
of the die Past Sreen was placed at one edge of the paper to 
give visual evidence of the rate of movement and action of 
the applied electrical current. 
The paper was folded In the center along the line con­
taining the spotted compounds and hung from the central wire 
of the apparatus (Shandon Scientific Company, London, England). 
The edges of the sheet dipped into troughs containing barbi-
tone buffer at pH 8,6, The buffer was allowed to migrate up 
the two sides of the paper xmtil meeting in the center. This 
required about an hour, Vttien contact of the buffer from each 
side was made, the current was turned on and adjusted to the 
desired volts^e. The eaqperiments reported here were performed 
at 120 volts for periods of from 7 to 9 hours* During this 
time the Past Green Indicator moved about halfway down the 
paper towards the anode. The paper was then carefully re­
moved from the chamber, dried, spotted with radioactive ink 
and exposed to X-ray film. 
Radioactive counting 
IJie counting of radioactive samples was done with a 
Nuclear Instrument and Chemical Corporation scaler, Bfodel 
l6l, and an end-window Oeiger-Muller tube with a window 
thickness of 2.2 rag. per sq. cm. The GM tube was mounted 
In a lead shield containing a holder with a shelf approxi­
mately one cm. from the window. 
The background of the planchets was counted for five 
minutes and after a suitable aliquot of liie sample was 
placed on the planchet, it was again counted for this period 
of time. The counts thus recorded were corrected for back­
ground and. In the case of the bicarbonate, for self absorp­
tion. 
The planchets used were made of glass approximately one 
mm, in thickness and 32 ram. in diameter, A central area, 2$ 
noi. in diameter, was etched to aid in the adherance of the 
compound to the glass. Compounds to be counted were placed 
on in suitable allquots from microliter pipettes (Research 
Equipment Corporation, Oakland, California) — usually 25, 
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50 or 100 miC3?olltera — as the planchet was slowly rotated 
In a holder to ensure even distribution. Accurate pipetting 
was accomplished with the aid of an Adams* suction apparatus. 
To obtain the counts at the origin of the paper chroma-
tograms^ the paper was held against the end of the GM tube, 
A count of 61|.00 counts per minute obtained in this manner 
sufficed to give a radiogram in 2 to ij, days of exposure to 
X-ray film. 
Carbon dioxide obtained from reaction mixtures in V/ar-
burg vessels was trapped in ION NaOH placed In the center 
well. The NaOH was removed, with rinsing, and the carbonate 
precipitated with saturated BaGlg* The BaCO^ was precipitated 
on to filter paper with suction, followed by a methanol rinse, 
and dried under an infra-red lamp for 15 minutes. This 
method ensured an even distribution of the carbonate over a 
known area of filter paper, 1Shen the weight of the precipi­
tated carbonate was known, corrections could be made for 
self-absorption# 
Preparation of Compounds 
Labelled glucose by photosynthesis 
Glucose labelled with in all 6 carbon atoms was 
prepared by a photosynthetic process from C^^Og as outlined 
by Aronoff and Vernon (1950), The apparatus used is 
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illustrated in Figure 6, Lincoln variety soybeans were 
obtained from the greenhouse of the ISC Botany Department, 
Second trifoliate leaves about 3 to weeks old were used, 
two of them being placed in the leaf chamber, the petiole 
ends in a drop of water. 
Previously 8 to 10 rag, of BaC^^O^ were weighed out and 
placed in the COg generator. With stopcock B closed and 0 
open, a vacuum of l5 lbs, was drawn on the leaf chamber, 
then stopcock C was closed, was generated by tipping 
completely dissolved, stopcock B was opened, followed by A, 
until the rush of gas was over, then both closed. 
Photosynthesis was continued for 30 minutes with the 
light from a bare 150 watt bulb placed approximately 12 
inches from the chamber, The leaf chamber was then opened, 
the leaves removed and placed in boiling 8o per cent ethanol 
under reflux. This extraction^ which was continued until 
the green color was removed from the leaves, required 
approximately one hour. 
The alcohol fraction was extracted, after cooling, with 
two 100 ml, portions of Skelley A to remove the chlorophyll 
and fat solubles, TSien the alcohol fraction was reduced to 
approximately 5 ml, under vacuum and passed through the 
cationlc and anionic exchange columns. The neutral fraction 
the perchloric acid from the sldearm, When 
Figure 6» 
Photosynthesis Apparatus 
150 WATf BULB 
RUBBER STOPPER 
I 
J 
LEAF CHAMBER 
\Q7o PERCHLORIC ACID 
Ba C"^03 
PRESSURE GAUGE 
^TO VACUUM PUMP 
(WATER) 
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waa collected and vacuum distilled to 1 ml. In volume. To 
obtain as much of the glucose as possible, 10 mg, of Waller-
stein Laboratories Red Label mellbiase were added to hydro-
lyze the sucrose and raffinose. This was allowed to stand 
for one hour at 30®C» 
IStie neutrals were then streaked in a band on Ij. sheets 
of Whatman Ho, 1, inches by 17 inches, 2 3/h inches from 
the top. Drying the streaks with warm air from a hair drier 
hastened the multiple application of the bands. The neutrals 
were chromatographed descendlngly for four days using BABW 
as the solvent. The papers were then dried, spotted with 
radioactive ink and radioautographed from 2 to ij. days. The 
radioactive bands were cut out and stored in tightly 
stoppered bottles in a deepfreeze tmtil needed. The results 
of a typical radioautograph are shown in Figure 7, 
When ready for use, the glucose was eluted by cutting 
the paper into small particles which were mashed to a pulp 
in deminerallzed water and filtered, with suction, through 
a sintered glass filter. Several rinses served to elute the 
compound from the paper. This eluate was then concentrated 
to a convenient volxaae, its radioactivity determined by 
counting a suitable aliquot, and used In the appropriate 
ejqjeriments. 
Figure 7, 
Radloautograph of Keutrals from Photosynthesis 
descending ohromatogram was irrigated for 
four days in BABW, 
R A D I O A C T I V E  
I N K  S P O T S  
S U C R O S E  
G L U C O S E  
FRUCTOSE 
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Iiabelled, 2*b:etogluconate 
Labelled glucose, prepared as previously outlined by 
photosyntiaesis, was converted to 2-ketogluconate through the 
action of a cell»free extract from Paeudomonas aeruginosa. 
Ihe reaction mixture, following deproteinization, was 
chromatographed to separate the 2-ketogluconat6, The con­
version was carried out in Warburg flasks, each flask con­
taining inl» of 0,1 M phosphate buffer, pH 7.2; 0.8 ml, 
of juice; 1.0 ml. of labelled glucose in a total volume of 
2.3 a temperature of At the end of the 95 
minute reaction period, the cup contents were added to 
sufficient absolute ethanol to make the final ethanol con­
centration 8o per cent. Ihis was allowed to stand overnight, 
after which the precipitate was centrlfuged off, rinsed once 
with distilled water, and re-centrifuged. The rinsings were 
added to the original supernatant. 
Hie supernatant was vacuum distilled to approximately 
Om^ ml, and spotted on ei#it sheets of Whatman No. 1, ll|. 
inches by 17 inches, on spots li- inches apart, 2 3/k inches 
from the top of the sheets. The sheets were irrigated 
descendingly in a CSiromatocab for l6 hours with EMI as the 
solvent. Exposure of the dried sheets to X»ray film for 3 
days served to locate the 2-ketogluconate. The areas of 
2-ketogluconate were cut out and extracted in a Soxhlet with 
70 per cent ethanol for 3^ hours, The extract was concen­
trated under vacuum to 10 ml* and stored in a deep freeze 
until used in the esqserlments* 
EXPERIMENTAL 
The Metabolism of Glucose 
The initial step in the catabollsm of glucose is be» 
lieved to be a phosphorylation at carbon atom 6 through the 
action of the enzyme hexoklnase with adenosine triphosphate 
as a coenzyme, which results in the formation of glucose-6-. 
phosphate and adenosine diphosphate (Meyerhof, 1935). How­
ever, recent reports have presented evidence against such a 
step being necessary for Pseudomonas aeruginosa# An oxida­
tive attack on the molecule takes place, with phosphoryla­
tion, If necessary, occurring at some lower stage (Norris 
and Campbell, 19il-9)» 
Initial studies in this investigation were made with 
fresh whole cells of Pseudomonas aeruginosa to determine 
the activity on post\ilated inteimediates in an oxidative 
form of metabolism. Cell-free extracts were prepared to 
determine enzymatic activity on various hexoses, phosphor-
ylated and nonphosphorylated. 
Metabolism with whole cells 
HiM action of whole cells of Pseudomonas aeruRinosa 
on various carbohydrates is recorded in Table 1, With none 
of these substrates is the metabolism complete to CO^ and 
HgO. Glucose and gluconate are about two-thirds oxidized. 
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Table 1 
IHe Action of Whole Cells of Pseudomonas aeguglnoaa on 
Various Substrates 
Substrate Og Uptake GOg Release 
m PQr Aua substrate 
D»Qlucose Ii..l i}..3 
D-Qluconate 3.8 i|..5 
D-2-Ketogluconate 3.1 
D»Ribose 1.2 1.1 
D-Xylose 0.7 0.5 
L-Arablnose 0.5 0,2 
Acetate l,k l.k 
Pyruvate 1.5 2.0 
Hexo sedlpho sphate 0 0 
Oluco se-6-pho sphate 0 0 
Rlbo se-5-pho spha te 0 0 
Experimental conditions: Each cup contained 0»S ml, of 
0,2M phosphate biiffer, pH 7»0j 0«3 wl* of lOH NaOH or 
ION HgSOhj ^  ym. of substrate; 100 iag« of fresh cells; 
total volume s 2,3 ml,; temp^ a 3O,ii°0, 
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The difference may be accounted for by assimilation as re» 
ported by Clifton (19l|.6) for Eacherichia coll. The uptake 
of Og with 2-ketogluconate is in agreement with Its possible 
position as an intemediate in glucose oxidation. However, 
if ribose lies on the pathway, one would expect this sub­
strate to yield an uptake of Og of 3 ;am per ym of substrate 
and 3 of OOj. The aetual value obtained 1. somewhat 
less, but still considerably more than for the other pen* 
toses, arablnose and xylose. 
Sodium fluoride and iodoacetate are known to be in­
hibitors of the enzymes enolase and triose phosphate dehydro­
genase, respectively. These compoxinda were tested for their 
effects upon whole cells of Pseudomonas aeruginosa and 
Escherichia coll with glucose and gluconate as substrates, 
(Tables 2 and 3.) 
Miile these results are not conclusive in ruling out 
the ISifljden-Meyerhof scheme as a mechanism for the dissimila­
tion of glucose in Pseudomonas aeruginosa^ they at least 
point to a difference in the effect of the inhibitors upon 
the two organisms. It shoxild be noted that in the case of 
Pseudomonas aeruginosa, the presence of sodium fluoride 
brought about complete oxidation of the added substrates, 
perhaps thsrough a blocking of the assimllatory mechanism, 
Beevers (1950) found that 8,7 X 10"^ M concentration of 
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Table 2 
Effect of Sodium Fluoride on the Oxidation of 
Glucose and Gluconate 
Organism Substrate Sodium 
Fluoride 
Uptake of Og 
I pm per jam 
substrate 
0 398 3.6 
Pseudomonas 
aeruginosa 
Glucose 
0.035 
0.069 
552 
66k. 
i^-.9 
5.9 
O.lTli- 23k. 2,1 
0 396 3.5 
Gluconate 0,069 639 5.7 
0.17l|. 259 2.3 
0 380 3.ii. 
Glucose 0.035 399 3.6 
Kscherichia 0,1k 0 0 
coll 
0 i|J|l 3.9 
Gluconate 0,035 369 3,3 
o.llf 0 0 
Experimental conditions: Kach cup contained 0,5 ml, of 0,2M 
phosphate buffer, pH 7.0; 0*3 ml» of ION HaOH; 5 of sub­
strate; soditun fluoride as indicated; 100 mg, of fresh cells; 
total volume « 2,3 J temp, » 30,lf°C« 
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Table 3 
Effect of lodoacetate on the Oxidation of 
Glucose and Gluconate 
Organism Substrate lodoacetate Uptake of Og 
M urn per jam 
substrate 
0 398 3«6 
Glucose 0^0013 30ij. 2.7 
Pseudomonas 0.0026 0 0 
aeruginosa 
0 38i|. 3.1i. 
Gluconate 0.0013 212 1.9 
0,0026 0 0 
Escherichia 
Glucose 
0 
0.0013 
0
 
0
 2,7 
0 
coll 
0 339 3,0 
Gluconate 0.0013 0 0 
Experimental conditions: Each cup contained 0.5 ml. of 0,2M 
phosphate buffer, pH 7»0j 0.3 ml, of ION NaOHj $ of sub­
strate; lodoacetate as indicated; 100 rag, of fresh cells; 
total volume » 2.3 nil#; temp. = 30»l4.®Ct 
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iodoaoetate was nocossary to produce 50 per cent inhibition 
with baker's yeast acting upon glucose. With Pseudomonas 
aeruginosa, much higher concentrations have been found neces­
sary to produce such inhibition, 
enzymes for the metabolism of glucose are constitu­
tive, for if the cells are grown in tdie same medium but with 
the substitution of glucose by gluconate and then these 
gluconate-grown cells tested on glucose, the same uptake of 
Og Is obtained as from glucose-grown cells. (Table ) 
Table 1|. 
Comparison of Cells Grown on Glucose and Gluconate 
Cells Substrate Uptake of 0^ 
Glucose 502 
Grown on Glucose 
Gluconate 
Glucose 508 
Grown on Gluconate 
1^65 Gluconate 
Eaqperimental conditions; Each cup contained 0.5 ml, of 0.2M 
phosphate buffer, pH 7»0j 0,3 ml, of lOH NaOHj $ ;um of sub­
strate; 100 mg, of fresh cells? total volume « 2,0 ml,; 
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Entner and Stanler (1951) hava found that with Pseudo-
monas fluoreseens there Is an appreciable lag before the 
oxidation of 2-ketogluconate proceeds# Prom the fermenta­
tion medium containing glucose these workers were able to 
isolate 2-ketogluconate, but they believe that the enzymes 
for Its degradation are adaptive or perhaps limiting in 
rate. There may be a partial block below 2-.ketogluoonat© 
or a phosphorylation of this coirgjound may be necessary for 
further oxidation. The lag during the oxidation of 2-
ketogluconate had not been found with Pseudomonas aerup;lnosa« 
Data from the paper of Entner and Stanler (1951) have been 
plotted In Figure 8 with results from a comparable ejqseri-
ment with Pseudomonas aeruginosa# 
•Riese data could mean that with Pseudomonas aeruginosa 
2-ketogluconate may be on the pathway of glucose degradation 
and that there is no partial block below this compound. 
However, there is still a slight lag in the oxidation of 
this compound when compared to glucose and gluconate. In 
view of the limitations of the simultaneous adaptation 
technique with this organism (Campbell, Norrls, and Korrls, 
3-9^9)» this compound cannot be ruled out as an Intermediate, 
In the Warburg-Lipmann-Dickens scheme, the next step 
from 6-phospho-2-ketogluconate is a decarboxylation, A 
Walden inversion at carbon atom takes place because th® 
Figure 8 
Comparison of Oxidation by Paeudomonas 
aeruginosa and Paeudomonas fluoreaoens 
Eaqjerimental conditions: 1. Pseudo-
monaa fluorescens data from 3ntner ^d 
Stanier (1951); phosphate bufferj ^  ;am 
of substrate; temp, 30®2» Pseudo-
monaa aeruginosat each cup contained 
ml* of 0,2M phosphate buffer, pH 
7«0j 0.3 ml# of ION NaOH; $ jm of sub­
strate; 100 mg. of fresh cells; total 
volume » 2,0 ml,; temp, s 30.lfOC. Curve 
Co) glucose; (A) gluconate; (O) 2-
ketogluconate. 
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products formed are rlbose-5-plioaphate and C02« 
COOH 
0=0 
i.. 
HOOH 
CHO 
HOOH 
HOOH HOOH CO 2 
HCOH HOOH 
chgopo^hg ghgopo^hg 
6-Phospho»2» Rlbose-.5» 
ketogluconate phosphate 
«• Walden inversion at this C atom* 
If the oxidation of glucose by Pseudomonas aeruginosa 
does not Involve phosphorylated Intermediates at this stage, 
then the first attack on 2-ketogluoonate could be a decar-
boa^y^latlon which should take place ^alder anaerobic condi-
tlons« However, no CO2 was ever formed from 2-ketogluconate 
anaerob ically, 
Koepsell, Stodola and Sharpe (191^2) believe that the 
metabolism of 2-ketogluconate by Pseudomonas fluoresoens 
involves a 3-3 split of the molecule. This belief is based 
upon their finding of greater than 0,5 mole of • 
ketoglutarate formed per mole of glucose. Gluconate and 2-
ketogluconate accumulate as intermediates. Should the 
attack on 2-ketogluconate be a series of decarboxylations 
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and oxidations yielding a trlose, then only a maxirauia of 
mole of <X -ketoglutarate per mole of glucose could be 
formed. Bit a 3-3 split of 2-ketogluconate would yield 
two trloses. lihe formation of greater than 0,^ mole of 
(A, -ketoglutarate would then be possible. 
Although no CO2 was measured from 2-ketogluconate 
anaeroblcally with whole cells, chemical suialyses were 
carried out to determine any possible disappearance of the 
substrate. The reducing sugar test of Somogyi (194.^) which 
determines 2-ketogluconate as well as glucose, showed no 
disappearance even after i|. hours (Table 5)« 
Table 5 
Determination of Residual 2-Ketogluconate 
Time in Minutes Amount 2-KO 
Added 
Amount 2-KG 
Detected 
mg. aa* 
0 O.i}. 0,30 
60 0,i}. 0,375 
1^0 O.ii- 0,375 
260 o»k 0,375 
Experimental conditions j Each cup contained 0,5 ml. of 
0,2M phosphate buffer, pH 7,2; 10 ;um of substrate; $0 mg, 
of fresh cells; total volume » 2,0 ml,; temp, e 30,4^0,; 
gas phase, nitrogen; sugar determined by method of Somogyi 
(1914-5). 
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Growing cultures of Pseudomonaa aeruginosa will form 
gluconate and 2-ketogluconate from glucose (Norrls and 
Campbell# 19i}.9)» Tinder the same conditions of growth 
pyruvic acid was identified by isolation of the 
dlnltrophenylhydrazone derivative (Warburton, Bagles, and 
Campbell, 19^1). The 2,i|.'-di.nltrophenylhydrazone was com» 
pared chromatographically in the solvents butanol-acetic 
acid, butanol•ammonia, and butanol-ethanol with the same 
derivatives of oxalacetic, pyruvic and -ketoglutarlc acids. 
This isolation of pyruvate was confirmed. The 2,k--
dinitrophenylhydrazones of the known acids, for comparative 
chromatographic purposes, were prepared by the procedure of 
Mc SI vain {19lf7)* Pyruvic acid was also identified in the 
medium of Escherichia coll after growth for 12 hours. Kius 
Pseudomonas aeruginosa dissimilates glucose by a mechanism 
differing from that in Escherichia colli then these two 
organisms at least have a common intermediate in pyruvate, 
•She possibility, however, still exists that Pseudomonas 
aeruginosa may have more than one mechanism for the dis-
dlmilatlon of glucose, one of which leads to pyruvate. As 
will be shown later, this organism does have some of the 
enzymes of the Snbden-Meyerhof scheme. 
If glycolysis is carried out by an organism, then COg 
should be produced anaeroblcally in the presence of bicarbon­
ate buffer because of Idae acid formed. A comparison was made 
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of the fexiaentatlon mechanisms In Pseudomonaa aeruginosa 
Bschieriohla coli> These two organisms were also com­
pared for the presence of a respiratory or aerobic metabo­
lism. In both instances the substrates used were glucose 
and 2-ketogluconate. The results are ©jqsressed In Figure 
9* Escherichia coll will form acid anaerobically f3?0Bi 
glucose and thus liberate COg from the bicarbonate buffer* 
No action occurs with 2-ketoglueonate« Pseudomonas aeru­
ginosa, on the other hand, does not release any COg from 
glucose, to indicate the absence of a glycolytic mechanism, 
2-Ketogluconate is similarly inactive, 
Aerobically^ both glucose and 2-ketogluconate are 
metabolized by Pseudomonas aeruRlnosa but only the glucose 
Saehieyichia coli# A difference in the metabolic patterns 
of these two organisms is again indicated. 
Metabolism with cell-free bacterial extracts 
Formation of 2-ketop!:luconate from glucose. A cell-free 
extract of Pseudomonas aeruginosa, made by sonic disintegra­
tion, will give an uptake of O2 of 1,0 and 0,5 moles per 
mole of glucose and gluconate, respectively. These values 
are in agreement with the proposed scheme of Dickens (1938) 
Glucose » Gluconate 2-ketogluconate 
Plgtire 9 
Cfoi^arison Between Respiration and Fermentation 
of Pseudomonaa aeruglnoaa and Escherichia coli 
Escperlmental conditions: Fermentation; Each cup 
contained 0,^ ml. of 0#1M NaHCO^ bttfferj 10 ;jia 
of substrate} 100 mg. of fresh calls} total volume 
e 2.0 ml,} temp, s 30»i|.®C.} gas phase, 25 per cent 
COpf 75 per cent Hp* Respirations Each cup con­
tained »!• of 0*2M phosphate buffer, pH 7.2} 
0.3 ml. of ION NaOH} 10 ;am of substrate} 100 mg, 
of fresh cells; total volume • 2,0 ml.j taiap. s 
3O.I4.OC} gas phase, air. Curve (O) glucose} (A) 
2-ketogluconato, Shaded symbols, Pseudomonas 
aeruginosa} clear symbols, Escherichia colt. 
RESPIRATION 
c5* 400 
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r4 
400 § 
MINUTES 
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Ihe juloe does not liberate any COg from these sub­
strates nor Is It active on 2-katogluconate» The results 
of a typical manometrlc experiment are shown in Hgur© 10, 
The values for the uptake of Og agree with the theoretical 
if 2-ketogluconate is assumed to be the final product. 
That this ccaapound is fomed has been confirmed by paper 
chromatography and chemical analysis. 
For the paper chromatographic work, the Warburg cup 
contents were deproteinized by the addition of an equal 
volume of 10 per cent trichloracetic acid, followed by 
centrifugation to remove the precipitate, The supernatant 
fluid was then neutralized with NaOH and concentrated to a 
small voliaae. Suitable aliquots were spotted on Whatman 
No, 1 paper and chromatographed ascendlngly with the solvent 
BMW, Appropriate controls of known compounds were always 
Included In each run. One such chromatogram is represented 
in Figure 11, 
The cup contents and knowns were also chromatographed 
with phenol where the glucose moves faster than the 2» 
ketogluconate. Here again a spot corresponding to 2-
ketogluconate was always found. 
The most commonly used indicator spray was the silver 
nitrate reagent of Trevelyan «t al»(1950), although 2-
ketogluconate cotild be visualized with aniline phthalate 
Figure 10 
Oxidation of Glucose, Gluconate, and 2-Ketogluconate 
by Cell-free Extract of Pseudowonaa aeruginosa 
Eaqperimental conditions: Each cup contained 0,5 lal, 
of 0,2M phosphate buffer, pH 7*0; 0,3 »1» of ION 
NaOH; 5 jum of substrate; 0,5 ml# of juicej total 
volume • 2.0 ml*; temp# « 30,1+.®C« Curve (o) 
glucose; (A) gluconate; {•) 2-ketogluconate, 
10 20 30 40 50 
MINUTES 
Figure 11 
Tracing of Sprayed Chroma togram atiowlng 
Formation of 2-Ketogluconate from Glucose 
Esqperiraental conditions: Solvent used, 
EMWj developing spragrt silver nitrate, 
1, Glucose + 2-ketogluconate; 2» Glucose; 
3» 2-Ketogluconate; If. Cup contents at 0 
time; 5. Cup contents at completion. 
0 0 0 
0 
q 
0 0 
1 2 3 4 5 
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(Partridge, 194-9)• 13iis latter spray is not as sensitive 
as the silver nitrate reagent, 
T^e 2-ketogluconate was Identified as the qulnoxallne 
derivative (Oihle, 1934-)• Enough 2-ketogluconate was ob­
tained from the deprotelnized contents of several Warburg 
flasks (deprotelnized by ethanol). One equivalent of 
o«phenylenediamine hydrochloride was added to an equivalent 
of 2-ketogluconate and allowed to stand ovemlght at room 
temperature. When cooled in an ice bath a few crystals of 
the qulnoxaline derivative formed (m»p., 194-*195®C» )• !Kie 
melting point of the qulnoxaline derivative of authentic 
2-ketogluconate is 19lt.°C.» with a mixed melting point of 
the two at 194-° 
Further evidence of the presence of 2-ketogluconate 
was obtained by measurement of the optical rotation at the 
beginning and end of the reaction of the enzyme on glucose. 
Initially a rotation of +0,13^ was found, while at the con­
clusion of ttie experiment the rotation of the supernatant 
was -0#100, It should be mentioned that 2-ketogluoonat© 
gives a negative rotation in contrast to the dextroi»rotation 
of glucose and gluconate. Thus a compound with a negative 
rotation has been formed from a compound having a positive 
rotation. 
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Absence of glucose-bophosphate as an Intermediate In 
glucose-oxldat1on» The common version of the hexose-
monophosphate shunt Involves phosphorylated Intermediates, 
Grlucose-6-phosphate—^ 6-Phosphogluconate—>• 6-Phospho-
2-ketogluconate —». Pentose phosphate. 
The cell-free extract prepared from Pseudomonas aeru­
ginosa showed an uptake of O2 with glucose-6-phosphate as 
well as with glucose and gluconate, but this former compound 
can be eliminated as an intermediate in the oxidation of 
glucose. Dialysis of a juice for 2k hours against 2k. liters 
of cold deralnerallzed water caused a loss of ability of the 
juice to oxidize glucose-6-phosphate but not glucose (Table 6), 
Table 6 
Effect of Dialysis on Juice 
Juice uptake of Og 
Qlueose Glucose-6-phosph, 
Hi. jal 
Non-dialyzed 125 125 
Dialyzed 98 0 
Essperlmental conditions: Each cup contained 0,5 ml, of 
0,01M phosphate buffer, pH 7«2; 0,3 ml, of ION NaOHj 5 )na 
of substrate: 0,5 ml, of juice} total volume • 2,0 ml.j 
temp, « 
-83 
Ha© slight decrease in activity on glucose may be 
explained by a loss of some component during the extensive 
dialysis* Thus the conversion of glucose to 2-ketoglugonate 
does not involve glucose-6-phosphate as an Intermediate. 
Effect of phosphate« fluoride and g^ii-^dlnltrophenol 
on glucose oxidation. The oxidation of glucose by a juice 
involves phosphate, if at all# in a manner unlike that of 
the conventional Embden-Meyerhof scheme. If phosphate were 
Involved then the reaction should not occur in the absence 
of Inorganic phosphate. If Trls (Gomori, 19^6) or veronal 
(Mlchaells, 1931) buffers are substituted for phosphate 
buffer, the uptake of Og with glucose and gluconate is the 
same In all cases. 
Bven wltdi Tris or veronal btiffers there may be enough 
endogenous Inorganic phosphate present in the juice to allow 
the reaction to continue. However, no phosphate esters have 
ever been detected by paper chromatographic means even in 
the presence of 0,06 M sodium fluoride. In addition, 2,5 X 
10"^ M arsenate and 2.5 X 10"^ M 2,i}.»dlnitrophenol have no 
effect on the reaction. Arsenate acts in phosphate-requiring 
systems by substituting for the phosphate but not coupling 
wltti the normal phosphate acceptor. Thus the source of 
energy-rich phosphate is depleted. 2,ii.-dlnltrophenoi is 
believed to act as an uncoupling agent in oxidative 
phosphorylation, 
•Eh© fact that these compounds have no effect may be 
taken aa evidence against the necessity of phosphate for 
the conversion of glucose to 2»ketogluconate, 
Presence of fi:luconate aa an intermediate in the oxida­
tion of glucose. Gluconate has been shown to be an inter­
mediate in the conversion of glucose to 2-ketogluconate by 
growing cells (Lockwood et al^ 19iiJ.)* uptake of O2 with 
gluconate by a Pseudomonas aeruginosa Juice agrees with its 
position as an intermediate in this conversion. To detect 
the presence of gluconate, carrier, \miformly-labelled glu­
cose was added to a metabolizing juice and the reaction 
stopped at specific intervals with boiling 80 per cent 
ethanol. The precipitate was removed by centrifugatlon 
and the supernatant concentrated to a small volume (approxi­
mately 0,2 ml,) by vacuum distillation, 
Aliquots were spotted on sheets of Whatman No, 1, 
inches by 1? inches, 2 3/k. inches from the top, and chroma-
tographed descendingly for 16 hours with EBIff as solvent. 
After this the papers were removed, dried and placed on 
sheets of Kodak X-ray film for a period of six weeks. The 
developed film revealed two new spots originating from the 
Initial glucose spot, one corresponding to gluconate and 
the other to 2-ketogluconate. A photographic reproduction 
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of this chromatogram is shown in Figure 12, Unfortxmately 
the faint spots of gluconate have not shown in the print, 
but they appear just above the 2-ketogluconate, Even at 
completion, a slight amount of glucose still remained, 
A very faint spot (which has been outlined in dotted 
lines on the print) appears Just below the origin and is 
unknown. It is not glucose-6-phosphate, gluconic acid 
lactone, or ribose-5-phosphate. It may be one of the pig­
ments known to be formed by Pseudomonas, 
Thus the conversion of glucose to 2-ketogluconat© 
probably involves gluconate as an intermediate. This is 
possible in view of the glucose dehydrogenase fotmd in 
liver (Harrison, 1931) and molds (Miiller, 1926) which con­
verts glucose to gluconic acid but is unable to continue 
the oxidation further. 
Action of .luices made by various methods. It was found 
that juices made by sonic treatment gave the highest activity 
on glucose and gluconate as determined by the rate of uptake 
of Og* Juices made with demineralized water as the suspend­
ing fluid gave greater activity than those mad© with phos­
phate, Tris, or veronal buffers. In all cases no activity 
was found on 2-ketogluconate as measured by the uptake of 0^ 
or the evolution of COg. 
Juices were made in various ways in the hope of obtaining 
Plgtire 12 
Photograph of Radioautograph from Reaction of 
Juice on Labelled Olucose 
Experimental conditions« Each cup contained 0.5 
ml. of 0.2M phosphate biiffer, pH 7*0; $ jm. of 
unlabelled glucose plus 20,000 counts per min, 
of labelled glucose} 0,5 ml, of juice; total 
volume s 2.0 ml,; temp, » 30,1|.®G. "Hie reaction 
was stopped at various times as indicated (Comp, 
is completion of the reaction), and chromato-
graphed descendingly for l6 hours in EMW, Glu­
cose appears out of line in 0, 1, and 3 mln, 
reactions because these were on a different 
sheet from the others. The heavy dots at the 
bottom are radioactive ink spots. 
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some oxidative activity on 2-ketogluconate, That none was 
found was surprising in view of the activity of whole cells. 
Grinding cells with Alumina A301 or A303 (Mcllwain, 19i^-8) 
yielded a viscous juice which gave an Og-uptake on glucose 
of 1 mole per mole of substrate but the rate was consider­
ably slower than that of a sonic preparation, 
T3ie following methods of making juices were tried in 
attemps to obtain a preparation with activity on 2-
ketogluconat©: 
1, Cells grown at various pH values and treated in a 
sonic oscillator with demineralized water as the suspending 
medium, 
2» Cells grown in the usual way and treated in a sonic 
oscillator with phosphate buffer at various pH values, 
3. Cells grown on 2-ketogluconate as the carbon source 
instead of glucose and treated in a sonic oscillator in the 
usual way, 
it-. Cells grown In the usual way and grotmd with altimina, 
sand, or glass, 
5. Cells grown in the usual way and allowed to autolyze 
in the refrigerator for varying periods of time, 
6, Cells grown in the usual way and treated in a sonic 
oscillator in the presence of reducing agents, cysteine or 
glutathione. 
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In all cases no Og-uptake or COg-evolution was found 
with 2«ketoglueonate as the substrate^ 
pH optlBBim of the oxidation of glucose and gluconate. 
The rate of uptake of O2 In phosphate buffer Is maximal 
around pH 6,^ to 6.8 (Figure 13)* activity was measured 
as the rate of uptake of Og per 10 minutes determined for 
th® second 10 minute period after tipping the enzyme from 
the sldearm. As has been noted, the rate of activity on 
gluconate is greater than the rate on glucose. 
Uptake of Og and enzyme concentration. Figure lij. shows 
that there Is proportionality between the concentration of 
the enzyme and the rate of uptake of O2 over a limited range* 
The protoln content of the Juice was determined by the biuret 
test (Welchselbaum, 19^1-6) and adjusted to $ mg. of protein 
nitrogen per ml. Appropriate aliquots of the Juice were 
added to the sldearm of the Warburg flasks. The uptake of 
Og was measured for the second 10 minutes following the 
addition of the enzyme from the sldearro, 
Effect of cyanide, Dickens and Qlock (1951) found that 
the oxidation of 6-phosphogluconate Is stimulated by the 
«•? 
addition of 1 X 10 M cysmlde to a preparation from rat liver. 
However, a preparation from Pseudomonas aeruginosa la In­
hibited 72 per cent (as measured by the uptake of Og with 
glucose) with a concentration of cyanide of 1 X lO^^M, 
Figure 13 
pH Optimum of the Oxidation of 
Glucose and Gluconate 
Experimental conditions; Each cup 
contained 0,5 ml* of 1,0M phosphate 
buffer at varying pH value sj 20 jum 
of substrate, 0.5 ml. of juicet total 
voltime s 2.0 ml.j temp. » 30.if.®C. Uptake 
of Og measured for second 10 minutes 
following tipping of enzyme from sidearm. 
Curve (O) glucose; (^) gluconate. 
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Figure li|. 
Relation between Enzyme Concentration and 
Uptake of Og 
E3q>erimental conditions: Each cup contained 
0,5 ml# of 0,1M phosphate buffer, pH 7»0j 20 
jum of substrate; amounts of enzyme as Indi* 
catedj total volume » 2.0 ml.; temp, « 30^°C, 
li^take of 0? measured for second 10 minutes 
following tipping of enzyme from sidearm. 
Curve (A) glucosej (o) gluconate. 
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Bils would indicate the probable involvement of metal-
linked carriers in this oxidation, A cyanide concentration 
of 3 X 10*3m brings about a 95 P©r cent inhibition (Table ?)• 
Fractionation by ammonium sulfate. An attempt was made 
to fractionate a cell-free extract with saturated aramonixaa 
Table 7 
Effect of Cyanide on the Oxidation of Glucose 
Cyanide 
Concentration 
Uptake of og 
per 10 mlns. 
Per cent 
Inhibition 
m JOil 
0 3lf.3 0 
0.001 9.7 72 
0,002 7.0 80 
0.003 1.8 95 
0,001^. 1.6 95 
Experimental conditions: Each cup contained 0,]5 ml. of 0,2M 
phosphate buffer, pH 7.0; varying amoimts of 0,02M KCN made 
up in 0,2M phosphate buffer, pH 7«0j 20 jum of glucose; 0,5 
ml, of juicej total voltime « 2,0 ml,; temp, • 30.If.®C, Uptake 
of ©2 measured for second 10 minutes following tipping of 
enzyme from sidearm, 
sulfate. It was hoped that the activity on glucose and 
gluconate could be separated into two distinct components. 
However, although an approximate two-fold increase in activity 
was obtained, no separation of the two steps from glucose to 
gluconate and from gluconate to 2-ketogluoonate was achieved. 
The activity on both glucose and gluconate was confined to 
the lower saturation fractions, thus indicating the associa­
tion of the enzyme or enzymes with large molecules and making 
further purification by this method unsuitable. No activity 
was found in fractions greater than $0 per cent saturation 
as can be seen in Figure 1$, 
gractlonation by manganous chloride precipitation. 
Fractionation was also attempted by precipitation with MnCl2 
as outlined by Kaufman et al.(195l)« Seventy ml. of Juice 
were mixed with 9 ml« of IM JftiCl2 and i|. ml, of IM glucose 
and stirred for 30 minutes in an ice bath at Then th® 
mixture was placed on a water bath previously heated to 55®C. 
and stirred mechanically. Stirring was continued for 8 
minutes after the temperature reached 38° to The pre­
cipitate was centrifuged in the cold and dissolved in a small 
amount of distilled water. This dissolved precipitate and 
the supernatant were dlalyzed in the cold against distilled 
water for 20 hours. After dialysis it was noted that the 
precipitate fraction was not completely soluble and had 
separated into a soluble and an Insoluble fraction, These 
fractions were tested on glucose and gluconate for the 
uptake of Og (Table 8), Because the activity was associated 
entirely with the particulate fraction, further attempts to 
Plgur© 
Aimnonlum Sulfate Fractionation of Juice 
Experimental conditions} Bach cup con­
tained 0,5 ml# of 0,2M phosphate buffer, 
pH 7,0? 0*3 ml. of ION NaOHj 20 m of 
substrate; 2.0 rag, of protein nitrogen; 
total volume as 2,0 ml.j temp, s 30«4®C. 
Uptake of Op measured for second 5 minutes 
following tipping of enzyme from sidearm. 
Curve (A) glucose; (o) gluconate. 
•9to 
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Tabl© 8 
Fractionation of Juice by MnClg Precipitation 
faction Substrate Uptake of Og 
per 10 mins. 
MnCl 2 Glucose 0 
Supernatant 
Gluconate 0 
MnClp Ppt. Glucose 0 
Soluble 
Gluconate 0 
MnClp Ppt, Glucose 90 
Insoluble 
lOk Gluconate 
Esqserimental conditions: Each cup contained 0,^ ml, of 
O.IM phosphate buffer, pH 7.0; 20 }m of aubstratej 0,5 ml. 
of soluble enzjnae or 0.2 ml. of insoluble suspension? total 
volume « 2.0 ml.; temp, S 30.1{.°C. Uptake of Og measured for 
second 10 minutes following tipping of enzyme from aideam. 
purify the juice by this method were abandoned. 
The effect of co-factors. Various compounds were tested 
with glucose with a Juice in the hope that a co-factor needed 
for the oxidation of 2-ketogluconate would be supplied. The 
compoxmds tested, all without effect, were yeast extract, 
peptone, ascorbic acid, boiled Pseudomonas Juice, Mn"^^ and 
cocarboxylase, A Juice tested on 2-ketogluconate anaerobic-
ally with pyruvate and fumarate as hydrogen acceptors with 
the expectation that these latter con^jounds might act in 
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this capacity failed to liberate any COg# 
An attempt to establish a co-factor involved in th® 
oxidation of glucose was made by treating a Juice with 
Korit A according to the procedure of Taylor et a^, (19ii-8), 
Twenty ml. of Juice were stirred in the cold with 200 mg« 
of Norit A for 5 minutes. The charcoal was then removed by 
centrifugation in the cold. After this treatment the Juice 
had lost much of its usual pink color. The Juice was then 
tested on glucose and gluconate for activity by the addition 
of boiled Pseudomonas Juice, No reactivation was obtained 
(Table 9)* It is to be noted that the boiled Juice actually 
inhibited the rate of uptake of O2 with the Norit treated 
Juice, 
Presence of glycolytic enzymes hexokinase and aldolase. 
Whether or not the metabolism of glucose by Pseudomonas 
aerupfinosa involves non-phosphorylated intermediates, at 
least in the initial stages, is not known. However, the 
glycolytic enzymes phosphoglucorautas® and phosphohexoisomer-
ase have been demonstrated in the closely related organism 
Pseudomonas fluorescens by Wood and Schwerdt (1952), 
The glycolytic enzyme hexokinase has been shown in cell-
free extracts of Pseudomonas aeriiglnosa. With the use of a 
method outlined by Hochster and Watson (1952), the phos-
phoirylation of glucose can be readily shown by measuring the 
•lOO" 
Table 9 
Norlt Treatment of Paeudomonas aeruginosa Juice 
Juice Substrate Uptake of Og 
per 5 mins 
Normal Glucose 28.6 
Gluconate 46.7 
Norlt Treated Glucose 14.2 
Gluconate 32.6 
Norlt Treated + Glucose 8.0 
Boiled Juice 
Gluconate 22.9 
Boiled Juice Glucose 0 
Gluconate 0 
E:^erlisental conditions: Each cup contained 0.^ ml. of O.IM 
phosphate buffer, pH 7*2; 20 jim of substrate; 0.5 ml. of 
Juice; total volume 2 2»0 ml,; temp, s 30.1f®C. Uptake of O2 
measured for second 5 minutes following tipping of enzyme 
from side arm. 
release of COg from bicarbonate buffer. 
After the completion of the reaction, the cup contents 
were deprotelnlzed with 10 per cent trichloracetic acid and 
chromatographed ascendingly in EMW, A residual glucose spot 
appeared together with a new one having the same Rf value as 
authentic glucose-6«pho8phate, 
Kie cell-free preparation has also been shown to contain 
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aldolaae, the enzyme which splits hexosediphoaphate into 
two trlose phosphates. The reaction was followed by measur­
ing the production of alkali-labile phosphorus by th» method 
of Bard and Gunsalus {19^0). Although the rate of formation 
of the alkali-labile phosphomis with Pseudomonas aeruginosa 
juice is not as great as that of a Juice wade from Escherichia 
coll, there is a definite production of the alkali-labile 
phosphorus. The optimum activity of the aldolase from 
Pseudomonas was found to be at pH 8,3 (Figure l6). 
Presence of gluconoklnase. Other compounds were tested 
in the system which was used to demonstrate hexoklnase, Glu­
cose was replaced by gluconate, galactose, mannose, fructose, 
2-ketogluconate, rlbose, xylose, and arablnose. As can be 
seen from Figure 17, only gluconate gave any evidence of being 
phosphorylated, Gluconokinase, as the enzyme phosphorylatlng 
gluconate is named, has also been demonstrated In yeast by 
Sable and Guarlno (1952) but growth of the yeast on gluconate 
was required to show Its presence. It appears that this 
enzyme in Pseudomonas aeruginosa is not adaptive. 
Reduction of Coenzymes I and II, Another indication of 
two pathways of glucose oxidation in Pseudomonas aeruginosa 
can be shown by the reduction of Coenzymes T and II in the 
presence of various substrates. The reduction of these two 
coenzymes was followed spectrophotometrlcally in the Beckman 
Figure 16 
pH Optimum of Aldolase 
Experimental conditions: 1.5 ml, of veronal 
buffer adjusted to the desired pH; 0,25 ml, of 
0«56m hydrazine adjusted to the desired pH; 
0,1 ml, of Juice; total volume • 2,25 ml. 
Equilibrate In 37*^ 0, water bath and add 0,25 
ml, of 0,025M hexosediphosphate adjusted to 
the desired pH, Stop reaction in L5 minutes 
with 2,0 ml, of 10 per cent trichloracetic 
acid and centrifuge. Transfer 1,0 ml, of 
supernatant to colorimeter tube, add 1,0 ml, 
of 0,75n NaOH, incubate 10 minutes at 25°C, 
Add 1,0 ml, of 2,l|.-dinltrophenylhydra2ine 
reagent (0,1 per cent In 2N HCCL), Incubate 
10 minutes at 37®C, Dilute to 10 ml, with 
0,75n NaOH and read after 10 minutes in Klett 
colorimeter using 5^4-0 filter against a dupli­
cate to which hexosediphosphate is added 
after the trichloracetic acid. Optical 
density times 10,8 is equal to /ig, of alkali-
labile phosphorus. 
TD 
X 
Cn 
o 
oo 
nO 
o 
o 
u^vn. A LKA LI -
kd cx) ^ 
o O o 
LABILE P/MG.PROTEIN N/HR.  
Figure 17 
Phosphorylation of Sugars by a Juice 
Experimental conditional Each cup con­
tained 0,5 ml, of O.IM NaHC03 buffer, pH 
6.65} 10 ;um of MgCl2» 6o jurat of NaF; 20 >jm 
of substrate; 10 ;jra of ATP; 0,5 ml. of 
juice; total volume s 2.0 ml.; temp. = 
30,i|.oc.; gas phase, 25 per cent COp, 75 
per cent N^. Curve (o) glucose; (A) 
gluconate;*(•) galactose, rlbose, 2-
ketogluconate, mannose, fructose, SQrlose, 
arabinose. 
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Bpectrophotometer, Model DU, by measuring the Increase In 
optical density at 3^4-0 n^i, A summary of the results can 
be seen in Figures 18 and 19. 
Both Coenzyme I and II are reduced in the presence of 
glucose-6-phoaphate, but not at all with glucose, gluconate, 
2-ketogluoonate, ribose, or glucose-l-phosphate. Coenzyme 
I is reduced in the presence of rlbose-5-phosphate but 
Coenzyme II is not. 
With glucose-6-phosphate. Coenzyme II is very rapidly 
reduced, perhaps indicating that this coenzyme may be the 
natural one for this sugar phosphate dehydrogenase. The 
most rapid reduction of Coenzyme I occurs with hexoaedi-
phosphate as substrate. 
The fact that glucose, gluconate and 2-ketogluconate 
are inactive in the reduction of these two coenzymes, whereas 
glucose-6-phosphate is, shows the difference between the 
enzymes oxidizing these compounds In this organism. 
The Metabolism of C^^ Labelled 2-Ketogluconate 
Identification by chromatography and radioautography of 
various compotinds formed from labelled 2-ketogluconate. 
Radioactive 2-ketogluconate was prepared from labelled 
glucose by the method outlined previously. Separation of 
the former from residual glucose was achieved by paper 
Figure 18 
Reduction of Coenzyme I with Various 
Substrates by a Juice 
Saqjerimental conditions: Each cuvette 
contained 0,5 ml. of 0.2M phosphate 
buffer, pH 7.2; $ of substrate; 1,0 
ml. of Coenzyme I (1 mg, per ml,)j 
total voltuae s 3.0 ml.; temp, S room 
temp. Increase in optical density 
measured at 3i4-0 m)a. Curve ( O ) hexose-
dlphosphate; (A) gluoose-6-phosphatei 
(•) rlbose-5-phosphatej {•) 
fructose-6-phosphate; (•) glucose-l-
phosphate, gluconate, 2-ketogluconate, 
glucose, rlbose, arablnose. 
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Figure 19 
Reduction of Coenzyme II with Various 
Substrates by a Juice 
Experimental conditionst Each cuvette 
contained 0,5 ml, of 0»2M phosphate 
buffer, pH 7*2; ^  jam of substrate; 0.^ 
ml, of Coenzyme IT (1 rag, per ml,); 
total voliimo s 3»0 temp, s room 
temp. Increase in optical density 
measured at 3liX) np. Curve (O ) glucose* 
6»phosphate; (A) hexosediphosphate; 
(•} fructose-6-phosphate| ( •) glucose-
l*phosphate, ribose-^-phosphate, 2» 
ketogluconate, glucose, gluconate, ribose. 
o 
o 
c: cn 
-h 
m 
CO 
fV) 
o 
ro 
ct) 
GO 
o o .o iO .o P i\D CjLt 4^3. Cn 
OPTICAL DENSITY AT 340 
Ill 
chromatography. Originally 1,067»000 counts par minute of 
glucose were added to the conversion reaction and after 
chromatography and elution 823»200 counts per minute of 
2-ketogluoonate were obtained* A recovery on the overall 
conversion of 77 per cent was achieved. The 2-ketogluoonate 
was concentrated to 3 ml, and used in the following experi* 
ment. 
Cells of Pseudomonas aeruginosa were grown in two 200 
ml, quantities at 30®C« for 12 hours on a rotary shaker. 
The cells, after centrifugation, were washed twice with 
cold deraineralized water* 
Each cup of the Waitourg contained 1,0 ml, of labelled 
2-»ketogluconate {containing approximately 27i{.»M)0 counts 
per minute per ml,), 0,3 ml* of lOK KaOH in the center well 
and 100 mg, of fresh cells in 0,5 ml, of 0,01M phosphate 
buffer, pH 7#2 in a total volume of 2,0 ml, Dhe reaction 
was stopped at 10, and l5 minute intervals by adding the 
contents of the cups to 20 xal, of boiling absolute ethanol, 
fflie cups were rinsed with 2,0 ml, of demineralizad water, 
which was also added to the boiling ethanol. The alcohol 
was boiled for 30 minutes on a hot plate, then the debris 
centrlfuged and the alcoholic extract fj^actlonated by ion 
exchange chromatography. Oxygen uptake values and the 
balance of the counts are listed in Table 10, The cell 
Table 10 
Distribution of Activity in Various Fractions from 
2-E:etogluoonate Oxidation 
Minutes Uptake Alcoholic Extract Cell CG2 Total Recovery 
of ©2 Neutral Cationic Anionic Hydrolyzate 
5 0® 116,920^ 11,424 109,824 1,292 1,139 240,599 90® 
10 35.5 188,100 3,994 81,408 400 4,460 278,362 100 
15 81.4 48,364 21,620 104,864 7,000 7,220 189,068 69 
^Values for Upteike of Og recorded in jol. 
^All other values, except Recovery, recorded in counts per minute 
^Values for Recovery recorded in per cent 
Approximately 274,400 counts per minute of 2->ketogluconate were added 
to each Warburg flask. 
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debris was hyrolyzed by the addition of 5 ml# of 6ll HCl 
followed by heating in the autoclave for three hours at 1^ 
pounds pressure. The CO2 trapped in the NaOH in the center 
wells was precipitated as barium carbonate onto small filter 
papers and counted in the customary manner. A correction 
for self absorption was applied to the values recorded in 
Table 10. 
The alcoholic extract fractions were reduced under 
vacuum to appi^oximately 0.2 ml. in volume and chromatographed 
two-dimensionally on shoets of Whatman No, 1 filter paper 
7|- inches by 7-| inches in 80 per cent phenol and BABW. The 
amoiint placed at the origin was estimated by cotinting with 
a S-M tube. Multiple application was continued until 100 to 
120 register counts (1 register count equals 61}. counts per 
minute) were spotted on the paper* Following chromatography 
the papers were marked with radioactive ink and exposed to 
X-ray film for three days. 
The radiograms obtained from these preparation are 
represented in Figures 20 through 27» The 1$ minute cationlc 
fraction was lost so no figure is given for that fraction. 
Analysis of the cationlc fraction. Analysis of the 
cationlc fraction containing the amino acids was carried out 
as outlined, T3ie 5 minute cationlc fraction contained four 
spots. 
Figure 20 
Radloautograph of ^ Minute Oatlonic Fraction 
Experimental conditions! Approximately 6i}0O 
coimts per minute were placed at the origin. 
The chromatogram was then developed in 80 
per cent phenol in one direction followed by 
two paasos in BABW in the other direction, 
•Kxe chromatogram was exposed to X-ray film 
for 3 days. 
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Figure 21 
Radloautograph of 10 Minute Cationic Fraction 
Bxperimontal conditions: As given for Figure 20» 
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Figure 22 
Radioautograph of 5 Minute Anionic Fraction 
Esqjerimental conditions: As given for Figure 20, 
•13.9-
ORIGIN 
Figure 23 
Radioautograph of 10 Minute Anionic Fraction 
Experimental conditions: As given for Figure 20, 
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Figure 2I1. 
Radioautograph of Minute Anionic Fraction 
Experiraental conditions; As given for Figure 20* 
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Figure 25 
Radioautograpii of $ Minufco Neutral Praotion 
Elxperimental conditions; As given for Figure 20, 
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Figure 26 
Radloautograph of 10 Minute Neutral Fraction 
Sxperiinental conditions: As given for Figure 20^ 
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Figure 27 
Radioautograph of 15 Minute Neutral Fraction 
Experimental conditions: As given for Figure 20, 
80% PHENOL 
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Unknoum spot 1 is in the area of 2-ketogluconate, 
Elution of the spot and co-chromatography with 2-
ketoglueonate gave a radioactive area which coincided with 
the spot of known 2-ketogluconate, The 2-ketogluconate was 
developed with silver nitrate (Trevelyan £t ^  1950), 
Apparently the ion exchange column removed some of this 
anionic compound from the reaction mixture. 
Unknown spot 2 when rechromatographed in phenol and 
BABW showed a radioactive area in the region of cysteine# 
lysine, arginine, and histidine, The spot was eluted and 
chromatographed on a large sheet with these four amino 
acids and resolved with phenol. Spraying with ninhydrin 
revealed that the developed spot of arginine corresponded 
to the radioactive axea from the radiogram. 
Unknown spot 3 was rechromatographed in phenol and BABW 
and four discrete radioactive areas appeared. Spot 3a 
in the area of serine, hydroxyproline, glutamic acid, and 
glycine, Co-chromatography on a large sheet with these foxir 
amino acids using two passes in BABW revealed an agreement 
of the radioactive spot with glutamic acid, 
3b, in the area of Threonine, glutamine and hydroxy-
proline, failed to agree with any of these upon co-
chromatography and so remained unknown, The compound, 
however, does react with ninhydrin. No more of this compound 
was available for further study. 
Spot 3e» when co-chroraatographed on a large sheet In 
two BABW passes with alanine, glutaalne, and cltmilline, 
gave a radioactive area coincident with alanine* 
Spot 3d fell in the area of lysine, arglnlne, histidlne, 
and cysteine, Co-chromatography on a large sheet In phenol 
yielded two radioactive areas which agreed with the known 
amino acids lysine and arginine. 
Unknown spot i|. upon re chromatography in phenol and BABW 
fell in the area of the leucines. As these are difficult to 
separate. Identification was left at a leucine, 
lihe 10 minute cationlc fraction was analyzed in a manner 
similar to the ^ minute one. Rechromatography of the spots 
was first performed to check their Rf values, followed by 
co-chromatography In suitable solvents to effect a better 
separation. 
Unknown spot 1 proved to be 2-ketogluconate, As with 
the 5 minute anionic fraction, some residual 2-ketogluconate 
apparently remained in the ion exchange column and appeared 
in this fraction. 
Unknown spot 2 split into two upon rechromatography 
and resolution of the two spots was carried out on large 
sheets. In a phenol solvent the spot in the area of cysteine, 
arginine, and histldine proved to coincide witti arginine. 
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©16 Other spot was distinguished in two BABW passes between 
hlstldlne, glutamine and oitrxilline, in which general area 
It lay. It proved to b© histidine. 
Uhknown spot 3 split into three upon rechromatography. 
Resolution on large sheets showed the presence of cysteine, 
arginine, and glutamic acid. 
Thus in the cationic fractions analyzed, seven amino 
acids were found* In the 5 minute fraction arginine, alanine, 
glutamic acid, lysine, and a leucine were identified# An­
other nlnhydrin reacting radioactive substance was also 
present. In the 10 minute fraction arglnine, histidine, 
cysteine, and glutaniic acid were found. 
Analysis of the anionic fraction. The radiogram from 
the S minute anionic fraction showed two very dense spots, 
two moderately dense spots and four other faintly discernible 
radioactive areas. 
Unknown spot 1, which was heavily radioactive, proved 
to be residual 2-ketogluconate, Co-chromatography In phenol 
and BABW with known 2-ketogluconate yielded coincident 
radioactive and sprayed areas. 
Unknown spots 2, 3# and Ij. seemed to have some unique 
relationship existing between them. Spot 2, when re-
chromatographed in phenol and BABW split into four spots, 
two giving dense radiograms corresponding to spots 2 and ij.. 
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a third moderately radioactive area corresponding to spot 3» 
and a faint spot just to the right of Spots 3 and i|. 
also split into these same four spots when rechromatographed. 
If either of these four spots Is eluted and re ciiroma to graphed 
in phenol and BABW, they give rise to the same foxir. It was 
thought that perhaps the solvents were reacting with the 
compounds in some way to produce a chemical change, but 
this interrelationship occurred in other solvents unrelated 
to phenol and BABW, The spots are acidic in nature because 
paper electrophoresis followed by radioautography revealed 
the migration of the radioactive areas to the anode. 
The other radioactive areas in this chroraatogram also 
remain unidentified. 
The radiogram from the 10 minute anionic fraction con­
tained two dense spots and five other considerably less 
radioactive ones, 
Uhknown spot 1 proved to be residual 2-ketogluconate, 
Unknown spots 2, 3# and if showed a similar pattern as 
in the 5 minute anionic fraction where spots in the same 
position occurred. Rechroraatography of these spots revealed 
their interconvertibility. They remain unknown. 
Unknown spot 5 was co-chromatographed in phenol and 
BABW with succinate and fumarate. The spot of succinate 
when sprayed with mixed Indicator coincided with the 
radioactive area from the radiogram, 
•Hie 15 minute anionic fraction showed a greater variety 
of radioactive areas than fotmd in the earlier time periods. 
Unknown spot 1 covered a large area and undoubtedly 
contains more than one compound, Hanes and Isherwood»s 
phosphate ester spray (194^9)* when applied to a chromatogram 
of the 15 minute anionic fraction revealed the characteristic 
blue of phosphate esters at the origin and at spot 6, Thus 
there are phosphate esters present. There is a possibility 
that tartaric acid is present in this area. 
tMknown spot 2 upon rechromatography in phenol and 
BABW split Into two. Both of these migrate to the anode In 
paper electrophoresis. One of these two spots coincided 
with citrate when co-chromatographed with it. 
Unknown spot 3 also spilt Into two upon paper electro­
phoresis, on© spot migrating to the anode, the other to the 
cathode. The anionic spot is not citrate, malate, or 
pyruvate and thus both remain unknown. 
Unknown spot separated into two distinct spots upon 
paper electrophoresis, both migrating to the anode. They 
also remain unknown. 
Unknown spot 5 split into two when rechroraatographed 
in phenol and BAB?^, "Hiese two spots were co-chromatographed 
with succinic, fumaric, and lactic acids on a large sheet 
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in BAPW. However, in this solvent three radioactive areas 
appeared, two coincident with succinic and lactic acids 
and the third agreeing with none of the knowns. 
Unknown spot 6 was fo\ind to absorb ultra-violet light 
when observed with a Mlneralight (TJltra-Violet Products 
Inc,). This spot also gave a blue color with the phosphate 
ester spray of Hanes and Isherwood spot was 
excised aaid ©luted and its absorption spectrum examined 
in a Beckman spectrophotometer, A comparable area of blank 
paper was also extracted to serve as a control. TSie peak 
of absorption was found to be at 255 np# which agrees with 
the absorption given for nucleic acid components# The 
presence of an organic phosphate compound and an absorption 
spectrum maximum at 255 mji makes it likely that this area is 
a nucleotide or a nucleotide coenzyme. 
Spots 7 and 8 remain unknown. 
In the anionic fraction, then, residual 2-ketogluconate 
was foimd along with succinic and lactic acids and a nucleic 
acid component. There also is a possibility that tartaric 
acid may be present, "Ihe Interconvertibillty of four of 
the spots fo\md on the 5 and 10 minute radiograms suggests 
that some relatively unstable compound may be one of the 
first products formed from 2-ketogluconate during Its 
oxidation. 
Analyala of the neutral fraction. Identification of the 
components In the neutral fraction was carried out in a 
manner similar to the catlonlo and anionic fractions. "Jhe 
neutral fraction, however, does not contain any identifiable 
truly neutral compounds, Bither the concentration of the 
acids formed was too great for the ion exchange reslna or 
the resins were not In a satisfactory condition because 
mostly organic acids were found, 
•Ehe 5 minute neutral fraction was slTnilar to the 5 
minute anionic fraction, "Ehree very densely radioactive 
spots were seen on the radiogram plus six other faintly 
labelled areas. 
Unknown spot 1 appeared dense on the radiogram and 
proved to be 2-ketogluconate, 
Unknown spots 2 and 3 are likely the same as found on 
the 5 and 10 minute anionic fractions, Viftien rechromato-
graphed in phenol and BABW, both gave rise to the same fotir 
spots. These, if chromatographed individually, yielded the 
same four spots once more. Paper electrophoresis showed 
them migrating to the anode. Spot 2 reacts with silver 
nitrate spray and therefore likely has a carbonyl group 
present in the molecule. 
Spots i}., 6, 7, 0» and 9 were all faintly labelled 
areas and remain unknown. 
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Unknown spot 10, at the origin may be either phosphate 
esters or complex products which do not migrate in the 
phenol and BABYJ solvents. The spot was eluted, reduced to 
a one ml, volume to which was added 0,1 per cent of Polidaae 
S (Schwarz Laboratories), layered with toluene, and incu­
bated at 37®C. for two days. After this period, the volume 
was reduced to approximately 0,1 ml, and the solution 
chromatographed two dlmensionally in phenol and BABW, The 
resulting radiogram revealed that a large amount of the 
radioactivity still remained at the origin, but two new 
faintly radioactive spots appeared, one in the position of 
glucose, the other in the position of dihydroxyacetone. 
Therefore it is likely that glucose phosphate and dihydroxy-
acetone phosphate were present. 
The 10 minute neutral fraction radiogram was very 
similar in appearance to the one from the 5 minute neutral 
fraction. 
Unknown spot 1 proved to be 2«ketogluconate. 
Unknown spot 2 reacts with ammoniacal silver nitrate 
indicating the presence of a carbonyl group. This spot and 
spot 3 when rechromatographed in phenol and BABW gave rise 
to the same four interconvertible spots found in the other 
fractions, Tliey remain unidentified. 
Spots 1|., 6, 7# 8# and 9 are all quite faintly 
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labelled on the radiogram and remain unknown. 
Unknown spot 10 at the origin was eluted and treated 
with Polidase S. Upon rechromatography a new radioactive 
spot appeared having the Rf value corresponding to glucose 
in phenol and BABW, Eiis spot was much denser than the 
one obtained from a similarly treated area from the 5 
minute neutral fraction. Part of the area at the origin is 
thus glucose phosphate. 
The 1^ minute neutral fraction revealed a greater 
number of densely labelled areas than in either the 5 or 10 
minute periods indicating that the 2-ketogluconate was being 
broken down into a variety of compounds. 
Unknown spot 1 was treated with Polidase S for two 
days followed by rechromatography in phenol and BABW. Some 
of the radioactivity still remained at the origin but a new 
spot appeared corresponding to glucose» 1!he presence of a 
glucose phosphate is indicated. 
Unknown spot 2 split into two with paper electro­
phoresis, both spots moving to the anode. They remain \in-
known. 
Unknown spot 3 split into two when rechromatographed 
in phenol and BABW, The lower spot was co-chromatographed 
with citric acid. The resultant radiogram and the sprayed 
spot for citric acid were in agreement. The other spot. 
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while located In the area of glycolic acid, proved not to 
be this compound when co-chromatographed with It. This 
compound migrated to the anode in paper electrophoresis. 
Unknown spot if developed two spots upon paper electro­
phoresis, One of the spots agreed with cX -ketoglutarlc 
acid upon co-chromatography. The other remains unknown. 
Unknown spot $ when eluted and treated by paper electro­
phoresis yielded a spot moving to the anode. Co-
chromatography with pyruvic acid on a large sheet with 
BABW yielded coincident radioactive and sprayed areas. 
Unknown spot 6 when co-chromatographed in phenol and 
BABW with malonlc acid gave a radioactive spot and a co­
incident sprayed spot. Coincident spots were also obtained 
in the solvents EAPW and BMW, 
Unknown spot 7 split Into two when rechromatographed. 
Paper electrophoresis showed them moving to the anode. One 
of them proved to be malic acid when co-chromatographed 
with the known in BABW, 
Unknown spot 8 was co-chromatographed on a large sheet 
In EAPW with fumarlc and succinic acids. The radiogram, 
when developed, showed a radioactive sLPea which was in 
agreement with the sprayed spot for fumarlc acid. 
Spot 10 lay in the region of dihydroxyacetone. Co-
chromatography with this known substance showed an agreement 
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with the radioactive area and the sprayed area of dlhydroxy-
acetone. 
Spots 9# 11# and 12 are all faintly radioactive and 
remain unknown. 
The neutral fraction yielded residual 2-ketogluconate 
in addition to a glucose phosphate and dlhydroxyacetone 
phosphate. Also detected were citric, cX •ketoglutaric* 
pyruvic, malic, fumaric, and malonic acids and dihydroxy-
acetone. 
DISCUSSION 
For many years it has been proposed that glucose may 
be metabolized by numerous organisms through a mechanism not 
involving the classical Etabden-Meyerhof scheme. However^ it 
ia only recently that serious attention has been given to 
these alternate metabolic pathways, •The formation of glu­
conic and 2-ketogluconic acids by various members of the 
genera Pseudomonas and Acetobacter has been reported by 
Lockwood et (19iA)» Ehtner and Stanier (1951)# and Norris 
and Campbell (19^9)• 'These compounds could arise through 
a mechanism Involving phosphorylation, being dephosphorylated 
befor appearing free In the medium, or through a mechanism 
not involving phosphate, Colowick (1951) states that there 
is "no obvious advantage resulting from the phosphorylation 
of a sugar prior to its cleavage, oxidation, and dehydration," 
It is only when one considers the reversal of fermentation 
that a need for phosphorylated intermediates arises. The 
same author states that "a reversal of fermentation, without 
phosphorylated Intermediates, would require as the first 
step a hydration of pyruvate to form glycerate, and this Is 
thezteodynamlcally Impossible (Ap s ^ 13 cal,)," 
Thus the dehydration of glucose through 2-ketogluconate 
by a non-phospliorylatlve mechanism would likely be different 
from the mechanism providing for the fomnatlon of poly­
saccharide "since a condensation of free monosaccharides 
could not occur to a significant extent under physiological 
conditions because of the endergonic nature of glycoside 
synthesis" (Colowick, 1951). 
1!he experiments with whole cells (Table 1) show that 
glucose, gluconate, and 2-k0togluconate are metabolized 
to a comparable degree and conceivably by the same pathway, 
although the position in the scheme of an unphosphorylated 
pentose is not clear. Perhaps the metabolism of 2-
ketogluconate involves a phosphorylation at this stage or 
a 3-3 split of the molecule as reported by Koepsell £t al. 
(1952) with Pseudomonas fluorescens> 
The effect of the inhibitors sodium fluoride and 
iodoacetate upon the organisms Pseudomonas aeru?3:inosa 
Escherichia coli reflects a difference in the metabolism 
of glucose and gluconate by these two organisms. For both 
inhibitors, Pseudomonas aeruginosa is able to tolerate a 
greater concentration than Escherichia coli. Nevertheless, 
the possible differential permeability of the cell walls of 
these two organisms to the inhibitors may well be a factor 
influencing the results. If one neglects this, however, a 
difference in the metabolic pattern of these two organisms 
is indicated. 
.11^-3-
It can also be noted (Table 2) that low concentrations 
of sodivua fluoride actually stimulate the uptake of Og with 
glucose and gluconate by Pseudomonas aeruginosa sufficiently 
to account for complete oxidation of these compounds# With­
out sodium fluoride the uptake of Op stops with approximately 
two-thirds of the substrate oxidized, although chemical 
analysis reveals its complete disappearance from the medium. 
In view of the presence of amino acids and nucleic acid in 
the experiments with radioactive 2-ketogluconate, assimila­
tion of a portion of the glucose and gluconate by both 
organisms seems likely. The fact that sodium fluoride 
apparently blocks this assimilation in Pseudomonas aeruginosa 
but not in Escherichia coll reflects again a difference in 
the metabolism of these two organisms* 
If the next reaction from 2-ketogluconate were to yield 
an aldo-pentosa, then a decarboxylation would be necessary. 
This should take place anaerobically, but as reported in 
Table St the 2-ketogluconate does not disappear \mder 
anaerobic conditions. Thus the metabolism of this compound 
must be an oxidative one, 2-Ketogluconate has been shown to 
be rapidly metabolized aerobically by whole cells of Pseudo­
monas aeruginosa, without the lag reported for Pseudomonas 
fluorescens by Entner and Stanier (19^1). 
The formation of pyruvate by growing cultures of 
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Pseudomon&a aeruginosa and also by Escherichia coll under 
the same conditions gives evidence for at least a common 
point in the metabolism of these two organisms. However, 
the possibility exists that Pseudomonas aeruginosa can form 
pyruvate by a mechanism similar to that operative In 
Escherichia coll, for It has been shovm with cell-free pre­
parations of Pseudomonas aei*uglnosa that the enzymes hexo-
klnase, aldolase, and trlose phosphate dehydrogenase of th® 
ESnbden-Meyerhof scheme are present. Koepsell (1950) has 
reported the formation of both pyruvate and oc -ketoglutarate 
by Pseudomonas fluorescens grown upon potassium gluconate, 
2-Ketogluconate appeared as an Intermediate. He believes 
that the pyruvate arises from a 3-carbon residue formed 
during the oxidation of gluconate and not by a glycolytic 
mechanism. It is entirely possible, then, that the pyruvate 
formed by Pseudomonas aeruginosa and that by Escherichia 
coll arise by different mechanisms. Pyruvate would then be 
a common point In the anaerobic and aerobic forms of metabo­
lism of glucose. 
The complete lack of formation of CO2 anaeroblcally 
from glucose and 2-kotogluconate in the presence of bicarbon­
ate buffer by Pseudomonas aeruginosa (Figure 9) Is evidence 
for the lack of an Qabden-Meyerhof scheme In this organism, 
Gary and Bard (19^2) foiind that with Bacillus subtil Is 
(Marburg strain), the type of glucose dlsslmilatlve mechanism 
formed during growth was a function of nutrition. Growth 
In a complex medium (tryptone, yeast extract) yielded cells 
capable of vigorous respiration and fermentation, whereas 
cells from a simple medium (inorganic nitrogen) possessed 
only respiratory activity. 
In experiments, not reported here, no difference in 
fermentative capacity between Pseudomonas aeruginosa grown 
on a simple medium (inorganic nitrogen) and grown on a 
complex medium (peptonized milk) has been found. This lack 
of fermentative activity and insensltlvlty to fluoride dur­
ing glucose oxidation indicate that Pseudomonas aeruginosa 
dlssimilates glucose via a mechanism different from the 
Einbden-Meyerhof scheme, 
A cell-free preparation of Pseudomonas aeruginosa made 
by sonic disintegration foms 2-ketogluconate from glucose 
and gluconate (Claridge and Werkman, 1953)* Dried cells 
of the same organism also convert glucose to 2-ketogluconate 
(Stokes and Campbell, 19^1), and a similar reaction has been 
shown in Pseudomonas fluorescens by Wood and Schwerdt (1953)# 
2-Ketogluconate is not metabolized by the cell-free prepara­
tion and the possibility exists that this compound does not 
lie on the main pathway of glucose oxidation. Hie conversion 
of glucose to 2-ketogluoonate could be a side reaction only. 
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and thus there would be no enzymes for the subsequent metabo-
llsm of this compound. However, whole cells will readily 
metabolize 2-ketogluconate. In addition, 2-ketogluconate 
appears as a transitory Intemedlate In glucose oxidation 
Psg^domonas fluorescens (Koepsell, 1950), Thus the lack 
of action by a juice on S'-ketogluconate may be caused by 
the destruction of the enzyme, possibly intimately bound 
with cellular structure, during the process of disruption 
of the cells. 
Even cell-free extracts prepared by a variety of methods 
failed to yield a preparation active upon 2-ketogluconate, 
The removal of the activity on glucose-6-phosphate by 
dialysis, leaving the enzymes converting glucose to 2-
ketogluconate intact, demonstrates the distinction between 
the phosphorylatlve and non-phosphorylatlve systems. This 
fact, plus the lack of effect of phosphate, sodium fluoride, 
and 2,i}.-dinitrophenol, gives weight to the conception that 
the steps from glucose to 2-ketogluconate do not involve 
phosphate esters. 
In the hexosemonophosphate shunt system, Cori and Lip-
mann (1952) have shown that the primary product of glucose-6-
phosphate dehydrogenation is phosphogluconolactone, which 
then spontaneously decomposes to phosphogluconic acid. 
Whether gluconolactone was formed in the non-phosphorylated 
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systsra in Pseudomonas aeruginosa was not determined, but 
gluconate was found to be an intermediate in the conversion 
of glucose to 2*ketogluconate, Radioactive glucose was used 
in this experiment and paper chromatography applied for the 
separation of the products. No other products were found 
on the radiograms except a very faint radioactive area just 
below the origin. Its identification was not made, but it 
was not glucose-6-phosphate, ribose-5-phosphate, or 
gluconolactone. 
Evidence for a cytochrome-type carrier is given by 
the inhibition of glucose oxidation in the presence of 
cyanide. However, a greater effect was noted with Pseudo­
monas aeruginosa^ than with Pseudomonas fluorescens as 
reported by Wood and Schwerdt (1953)• At a cyanide con­
centration of 1 X 10""^M, these authors report a 35 per cent 
Inhibition of glucose oxidation, whereas with Pseudomonas 
aeruginosa the inhibition at this cyanide concentration was 
72 per cent. Perhaps the carrier system in the latter 
organism is even more sensitive to cyanide than in the former. 
In contrast, the oxidation of 6-phosphogluconate by rat liver 
is stimulated by the addition of 1 X 10"^M cyanide (Dickens 
and Glock, 1951). 
In attempts at fractionation of the steps gliicose to 
gluconate and gluconate to 2-ketogluoonate by ammonium 
sulfate and manganous chloride precipitations* no separation 
of the two reactions could be achieved. Although it is 
likely that two enzymes are involved, they are obviously 
associated intimately with large protein molecules as evi­
denced by their precipitation in the lower ammonium sulfate 
saturation fractions. 
Despite the evidence in favor of the conversion of 
glucose and gluconate to 2-ketogluconate being non-
phosphorylatlve, Pseudomonas aeruginoaa extracts will 
phosphorylate glucose and gluconate readily. Tlhe Warburg 
manometrlc technique was used to study the phosphorylation 
by measurement of the COg released from bicarbonate buffer. 
During phosphorylation of the carbohydrate a new acid group 
is formed as a result of the phosphate transfer {Colowlck 
and Kalckar, 1914.3J Hochster and Watson, 1952). However, 
2-ketogluconate, other hexoses and the pentoses were not 
phosphorylated. Thus the lack of oxidation of 2-ketogluconate 
by a cell-free preparation could be ejqplained by the absence 
of this particular phosphoklnase which may be operative in 
whole cells. On the other hand, all the phosphoklnases 
apparently depend on -SH groups for their activity and all 
require the addition of (Dixon, 19if9), which would 
make them sensitive to iodoacetate and fluoride, Viftiole cells 
do not appear to be sensitive to these inhibitors. 
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Actually the enzyme phoaphorylatlng glucose is not a 
typical hexokinase, Hexokinase will phosphorylate both 
fructose and mannose in addition to glucose. The preparation 
from Pseudomonas aemiglnosa is inactive towards fructose and 
mannose ^d should probably be properly called glucokinase. 
The aldolase demonstrated in Pseudomonas aerup;inosa 
contained less relative activity when compared to the similar 
enzyme from Escherichia coll. At maximum activity for tiie 
Pseudomonas aldolase, about 37 pg* of alkali-labile phos­
phorus were formed per mg, of protein nitrogen per hour, 
Ihe aldolase from Sscherichla was measured only at pH 6,6, 
but here approximately 11^.2 ^ g. of alkali-labile phosphorus 
were formed per mg, of protein nitrogen per hour. If this 
is not the optlmxam pH for Escherichia coll aldolase (it was 
not determined), then the rate could be even higher. 
The pH optimum of the Pseudomonas aerupiinosa aldolase 
agrees with that found in peas by Stumpf (194-8) from 
several animal tissues by Sibley and Lehninger (1914-9)• 
However, Bard and Ounsalus (1950) report an optimum for the 
aldolase from Clostridium perfrlngens at pH 7.5. 
The presence of another glycolytic enzyme, namely 
trlosephosphate dehydrogenase. Is indicated by the reduction 
of Gtoenzymes I and II in the presence of hexosediphosphate 
as substrate. The reduction of Coenzyme I is more rapid 
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than the reduction of Coenzyme Ilf but It is possible that 
both are active as hydrogen acceptors In the dehydrogenatlon. 
The reduction of Coenzyme I (rapidly), and Coenzyme II 
in the presence of glucose-6-phosphate indicates the presence 
of the initial reaction of the hexoseraonophosphate shunt. 
Coenzyme I reduction in the presence of ribose-5»phosphate 
is different from the horse liver preparation of Glock (1952) 
which is specific for Coenzyme II, The Pseudomonas aeruginosa 
preparation did not reduce Coenzyme II in the presence of 
rIbo se-5-pho sphate » 
In the radioactive 2-ketogluconate experiments, the 
identification of several labelled amino acids is strong 
evidence for an asslmilatory mechanism operative during the 
oxidation of 2-ketogluconate, 
Alanine may be formed from aspartlc acid by trans­
amination with pyruvate through a mechanism proposed by 
Kritzmann (19i|-7). Transamination of ^.-ketoglutarate with 
aspartate leads to glutamate and oxalacetate, 7%ie o( « 
ketoglutarate is formed via a tricarboxylic acid cycle, 
evidence for the existence of which is presented her®, 
Olutamate may also be synthesized by a glutamic dehydro­
genase. 
The synthesis of urea by a cyclic process involving 
ornithine, cltrulline, and arglnine was originally suggested 
by Krebs and Henaelelt (1932). Tho synthesis of arglnine 
from oitrulline by liver has been shown to occur in the 
presence of aspartic acid, adenosine triphosphate and Mg"*"'', 
with arginosuccinic acid as an intermediate (Ratner, 1951)* 
Labelled arginine was found and although no labelled 
ornithine or citrulline were detected, these compo\inds 
have been present in too low a concentration to Identify by 
the radioautographic technique. 
Lysine has been shown to originate from acetate by 
Ehrensv^d et al, (191^.9 )• They used doubly labelled acetate 
with Torulopsia utilis and found that the lysine skeleton 
contained high activity of and 'Hiey suggested that 
lysine Is formed directly from acetate. 
Cutinelli ejb a^ (19^1) found that with Rhodospirillum 
rubrum the entire skeleton of leucine was derived from 
acetate. Which of the leucines was formed from 2-
ketogluconate, however, was not determined. Acetate has been 
shown by Campbell et (19^9) to be formed during glucose 
oxidation by Pseudomonas aeru^inoaa. 
Little is known concerning the biological syntheaia 
of hlstidine, Ehrensvard et aL (1951)» with Rhodospirillum 
rubr\M, fo\md that the carbo^^l group of histidine was 
derived from the methyl group of labelled acetate. 
Hhe origin of cysteine from carbohydrate remains 
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obscure. No additional sulfiir was added to the reaction 
mixtwe containing the labelled 2-ketogluconate and pre­
sumably, then, the sulfur originated from already preformed 
sulfur containing compounds within the cell. 
The detection of the organic acids citrate, -
ketoglutarate, succinate, fumarate, malate, and pyruvate 
suggests strongly the presence of a tricarboxylic acid cycle 
for terminal respiration. Evidence for such a cycle in 
Pseudomonas aeruginosa has also been presented by Campbell 
and Stokes (1951). Oxalacetate and oxalosuccinate were 
not detected and likely would not be because of their 
instability. The 30 minute boiling period during the 
alcoholic extraction would likely destroy these compounds. 
Lactate is readily formed from pyruvate through the 
action of a lactic dehydrogenase, 
•She formation of malonate is interesting in the light 
of its role as an inhibitor of succinic oxidation. Butter-
worth and Walker (1929) demonstrated the formation of this 
compound when Bacillus pyocaneus (Pseudomonas aeriiglnosa) 
was grown on an arsnnonium citrate medium. They posttilated 
that the citrate was first converted to acetone dicarboxylate 
(which they Isolated), followed by a hydrolytic fission which 
would yield malonate and acetate, Malonate has also been 
detected as a product formed during aerobic glucose 
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dissimilation by Achromobaoter guttatum (Sguros and Hart-
sell, 1952). 
The nucleic acid formed seems to support the evidence 
for assimilation during 2-ketogluconate oxidation. Al­
though the position of labelling In the component was not 
determined. It was likely In the sugar moiety. 
The detection of glucose phosphate can be e^lalned 
If on® assumes either that the reaction from glucose to 2-
ketogluconate Is reversible or that an Etabden-Meyerhof scheme 
exists whereby the pyruvate which is formed can, by a re­
versal of this scheme, yield glucose phosphate. The method 
of detection of glucose phosphate precludes determination 
of the position of the phosphate on the glucose molecule. 
The unidentified radioactive compounds may prove of 
Importance for the formulation of a mechanism of 2-
ketogluconate oxidation. Should the pattern from glucose 
to 2-ketogluconate repeat Itself, then one could speculate 
that a pentose, a pentolc acid, a keto-pentoic acid, a 
tetrose, a tetronlc acid, a keto»tetronlc acid, and then 
a triose would be formed. 
•I5if 
SUMMARY AND CONCLUSIONS 
1, Cells of Paeudomonas aeruginosa will oxidize glucose, 
gluconate, and 2-ket©gluconate to a comparable degree, lodo-
acetate and fluoride do not seem to Influence glucose and 
gluconate oxidation at levels which will inhibit these oxida­
tions in Bscherlchia coli. Pseudomonas aeruglnoaa will not 
form acid anaerobically from glucose or 2«k0togluconate, 
whereas Escherichia coll will form acid from glucose, 
2, Cell-free preparations of Pseudomonas aeruginosa 
will form 2-ketogluconate from glucose or gluconate, 2-
Ketogluconate is not metabolized. The conversion from glu­
cose to 2-ketogluconate does not appear to involve phos-
phorylated compounds and can be separated from th© oxidation 
of glucose-6-phosphate. The oxidation of glucose and glucon­
ate occurs at an optimum of pH 6,5 to 6,8 and is inhibited 
by cyanide, 
3, The Pseudomonas aeruginosa cell-free preparation 
will phosphorylate glucose and gluconate. The glycolytic 
enzymes aldolase and triosephosphate dehydrogenase are 
present, 
ij., Pseudomonas aeruginosa forms from labelled 2-
ketogluconate the following labelled compounds; arginine, 
glutamic acid, alanine, lysine, histidine, cysteine, a 
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leucine* citrate, succinate, lactate, fumarate, malate, 
0^ -ketoglutarate, pyruvate, malonate, glucose phosphate, 
dihydroxyacetone, a nucleic acid, and other phosphate 
esters* 
5» The presence of a tricarboxylic acid cycle la 
indicated. 
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